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The fermentative conversion of organic substrate to biohydrogen produces volatile fatty acid 
(VFA) rich effluents, typically a 40 % acetate and 60 % butyrate mixture. These VFA products 
can be used as feedstock for microbial fuel cells (MFC), to recover more energy as electricity, 
or microbial electrolysis cells (MEC), to recover more hydrogen. The effect of pH and 
temperature on hydrogen production rate in MECs from acetate using continuous flow MEC 
was evaluated from daily hydrogen production rates and yield per mol substrate (acetate). 
The highest hydrogen production rate was achieved at 850 mV, pH 5cathode amounting to                         
200 cm3 L(anode)-1 day-1 and H2 yield 1.1 mol / mol substrate converted to hydrogen. The 
temperature of 30 ± 1 oC, was found to be best for hydrogen production in the system tested, 
with the performance of the reactor being reduced at a higher temperature, 42 ± 4 oC and at a 
lower temperature of 23 ± 2 oC. 
Experiments on the effect of immobilized electron mediators methylene blue (MB) and neutral 
red (NR) on the maximum power densities (Pmax) and voltage generation from acetate were 
conducted. The results showed that the improvement the power generation of a MFC (with 
MB anode) by the factor of 2 at temperatures of 8 ± 1 oC, 23 ± 2 oC and 33 ± 2.5 oC. The 
highest peak power density of Pmax (MB) = 11.78 W m-3 (7.5 mA) was achieved for the MFC 
(MB treated anode), compared to Pmax (control, plain carbon veil) =5.3 W m-3 (5.2 mA) at 35.5 
oC. Neutral red however inhibited MFC performance at temperatures of 8 ± 1 oC, 23 ± 2 oC 
and 33 ± 2.5 oC with MFCs (NR) producing highest power density Pmax (NR) = =3.06 W m-3 
(3.19 mA) at 35.5 oC.  
The effect of different acetate and butyrate concentrations, along with a full substrate switch 
on MEC performance was assessed. Two MEC cells were operated, one containing a 
bioanode acclimated to acetate (AC) and another with bioanode acclimated to butyrate (BU), 
for 20 mmol L-1 substrate. When the substrate concentration was changed from 20 mmol L-1 
to 10 mmol L-1 and to 5 mmol L-1, to acetate and butyrate mixtures (10 mmol L-1 and                  
10 mmol L-1) and then finally changed over from acetate to butyrate and vice versa were 
evaluated. The highest hydrogen production rate was observed with 20 mmol L-1 acetate 
amounting to 250 cm3 L(anode)-1 day-1  for the reactor (BU), when the substrate was switched 
from butyrate to acetate. The optimal concentration for butyrate was 10 mmol L-1 with a 
hydrogen production rate of 203 cm3 L(anode)-1 day-1 and H2 yield 0.5 mol / mol of substrate 
destroyed. These results indicate that the hydrogen yield from the acetate and butyrate 
present in hydrogen fermentation effluent could be used to produce hydrogen  in a MEC. 
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The effect of four different electrode configurations on MEC performance was evaluated. 
Untreated carbon cloth roll (UCC) anodes; stainless steel mesh and carbon cloth roll anodes 
(RR); J cloth (artificial cloth made from non conductive fibers of the same as stainless steel 
cloth) carbon cloth roll (JC) and methylene blue treated cloth roll (MB) anodes were built. The 
MEC with RR anode performed best 175±5 cm3 L(anode)-1 day-1 and H2 yield 0.67 mol / mol for 
20 mmol L-1 acetate. The hydrogen production decreased after several days of operation,  
biofilm coming off the electrode surface.  MEC (UCC) had most stable hydrogen production 
165±5 cm3L(anode)-1 day-1  and H2 yield 0.46 mol / mol) whilst (MEC JC and MEC (MB) 
produced small amounts of hydrogen 20.5±1.5 cm3 L(anode)-1 day-1 and 7.75±0.25 cm3 L(anode)-1 
day-1 respectively. A design for a scaled up  19 L MEC reactor was produced from this 



















2. Introduction  
 
Hydrogen is proposed as an alternative energy vector to reduce the reliance on conventional 
hydrocarbon fuels for powering vehicles (De Boer et al., 1976, White et al., 2006). Hydrogen 
possesses a high energy content of 141.9 J kg-1 compared to other energy vectors such as 
methane (55.7 J kg-1) and biodiesel (mostly mono-alkyl esters, 37 J kg-1) (Midilli et al., 2005). 
Hydrogen is an alternative energy vector that produces relatively negligible amounts of 
carbon dioxide emissions to adversely impact either on human health or the environment 
compared to, for example, bioethanol and biodiesel fuel eg:- mono-alkyl esters (Patterson et 
al., 2011, Patterson et al., 2008). On utilization in fuel cells, hydrogen produces solely water 
compared to fossil fuels in internal combustion engines, which produce carbon dioxide, 
carbon monoxide (if combustion is incomplete), nitrogen oxides and sulfur oxides.  
 
Anthropogenic (man made) carbon dioxide emissions also contribute to so called green 
house effect, a process by which thermal radiation from a planetary surface is absorbed by 
atmospheric greenhouse gases, and is re-radiated in all directions elevating the average 
surface temperature above what it would be in the absence of the gases (Kuramochi et al., 
2012, Kesicki, 2012). Various environmental experts argue that a reduction of 90 % is 
required in order to reduce the impacts of climate change (Watson et al., 1996). In 1988 the 
Intergovernmental Panel on Climate Change (IPCC), a scientific intergovernmental body 
under the auspices of the United Nations (UN) was set up at the request of member 
governments to target reductions in CO2 emissions (IPCC, 2014). The UK Government target 
for CO2 emissions is 20 % below 1990 levels by 2020 (Chitnis and Hunt, 2012, Kesicki, 
2012).  The larger term goal of 50 % reduction by 2050 (Fig. 1) is in progress (Akimoto et al., 
2013).  
 
    
Figure 1 – Predicted increase in CO2 emissions by region compared to predicted 50 % 
reduction by 2050 (Modified from Akimoto, 2013). 
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The Kyoto Protocol (1997), which targets reductions in CO2 emissions in developed countries 
to 450 parts per million was a landmark agreement to try and limit the emissions of 
anthropogenic carbon dioxide. To reach these targets an alternative energy vector has to be 
found which is carbon free and could be sustainably produced. Fossil fuel reserves are also 
finite and crude oil reserves, for example, are being reduced at the rate of 4 billion tonnes a 
year. So if fossil fuel consumption carries on at this rate without any increase in exploitable 
reserves for our growing population or aspirations, known oil deposits will be gone by 2052 
(Hogue, 2012). Hydrogen is a possible substitute for fossil fuels, however 96 % of this gas is 
currently produced from finite fossil fuels, such as coal or gas reforming process (Flohn, 
1980, Cherryman et al., 2008).  Steam reforming, a process most commonly used in industry, 
utilizes fossil fuels and produces carbon dioxide emissions (Angenent et al., 2004). Hydrogen 
can also be produced using electrolysis (Wang et al., 2014) with electricity produced by low 
carbon resources such as wind turbines (Pino et al., 2011, Khalilnejad and Riahy, 2014), 
solar power (Dou and Andrews, 2012, Giaconia and Caputo, 2014). Hydrogen production via 
fermentation which combines hydrogen production with removal of organic waste from 
wastewater streams is an potential alternative to water electrolysis method for sustainable 
hydrogen production (Intanoo et al., 2014). Therefore an interesting development of 
wastewater treatment technologies in the future may be aimed more towards fuel and energy 
production.  
 
The first steps towards replacing conventional fuels with hydrogen are already being made. A 
hydrogen industry is already well established with a growth rate estimated at 5-10 % a year 
(Logan, 2004a, Clark and Rifkin, 2006, Keskin and Hallenbeck, 2012). According to California 
Senate Transportation Committee in 2013, $9 billion was invested by US government and 
various private companies into 300 hydrogen and fuel cell projects in United States per year 
(Thompson et al., 2013). The United States has formed an International Partnership in 
Hydrogen Economy with Australia, Brazil, Canada, China, France, Germany, Iceland, India, 
Italy, Japan, Korea, Norway, Russia and United Kingdom. Oil industries already recognise the 
importance of hydrogen as well and it’s potential to replace gasoline in cars, in particular. 
Royal Dutch Shell group, for example, formed Shell Hydrogen Group and one of it’s members 
stated that “fuel cell technology will eventually replace the internal combustion engine” 
(Hanisch, 1999). In 2014 Honda has developed and selling hydrogen powered fuel cell 
vehicles (Ito, 2014). Similar technologies were developed by Hyundai (Lim, 2010) and Shell 
(French, 2014). A key need is to identify sustainably produced hydrogen routes and the 
biological route for hydrogen production via fermentation of wastewater and microbial 
electrolysis (MEC) is a potential hydrogen production technology that can contribute to an 




2.1 Biological Hydrogen Production 
 
Fermentative hydrogen production is a potential renewable hydrogen production route, which 
can also treat organic wastes in a sustainable way (Dewan et al., 2008, Kundu and Sharma, 
2010, Logan, 2010). This is particularly interesting for any industry producing large volumes 
of organic waste (i.e., food waste treatment industries) because the compounds present in 
biomass-based feedstocks can be used for biohydrogen production (Hawkes et al., 2002)). 
Hydrogen production via fermentation has been studied for many years (Massanet-Nicolau et 
al., 2008, Massanet-Nicolau et al., 2010, Das and Veziroglu, 2001, Wong et al., 2014). 
 
Both pure and mixed cultures have been  evaluated with mixed cultures obtained from “seed” 
sludges, sediments and soils extracts shown to produce more hydrogen because the diverse 
micro flora present in these extracts provides synergistic interactions that improve substrate 
degradation (Shi et al., 2010). Mixed microbial cultures found in sludge and soil were shown 
to adapt more easily to environmental stresses including changes in temperature, pH and to a 
range of substrates more easily than pure cultures (Ginkel et al., 2001, Argun et al., 2008). 
Examples of microorganisms responsible for hydrogen production are Clostridium sp. such as 
Clostridium acetobutyricum and Clostridium butyricum (Kamalaskar et al., 2010), Bacillus sp. 
(Liu and Wang, 2012), Enterobacter sp. (Ren et al., 2008) and Thermoanaerobacterium sp. 
(O-Thong et al., 2009).  
 
In these proteobacteria, glucose undergoes glycolysis to produce pyruvate with electron 
carrier NADH as the electron donor. The electrons generated from the oxidative 
decarboxylation of pyruvate are transferred to protons and then hydrogenase reduces the 
protons to molecular hydrogen. This process can be divided into two main routes: 
acidogenesis (acid production) where the main products are hydrogen, acetate and butyrate; 
or solventogenesis (solvent production) where the main products are hydrogen, ethanol and 
butanol (Shi et al., 2010, Akutsu et al., 2009).  
 
Unfortunately, microflora in inoculum (sludge, soil and sediment samples) usually consists of 
both hydrogen producing bacteria and hydrogen consuming bacteria and archaea. 
Fermentative hydrogen production systems have been widely researched as various 
innovations allowed reduced the amount of hydrogen converted into methane by archaea. 
These innovations were various physical inoculum pre treatments eg:- heat treatment (Argun 
and Kargi, 2009) and untrasonication (Kotay and Das, 2007), chemical inoculum pre 
treatments eg:- reduction of pH to 3 for 24 h  (Wu and Chang, 2007) and combination 
inoculum pre treatments (Venkata Mohan et al., 2008) which selectively reduce the number of 




If hexose undergoes complete oxidation, 12 moles of hydrogen can be recovered per mol of 
hexose utilized, however yields are typically much lower at 2-3 moles per mole of hexose. A 
maximum yield of 4 mol of hydrogen could only be obtained from 1 mol of hexose if the main 
product of hydrogen fermentation is acetate (Eq 26, p. 22). In practice, however a mixture of 
acetate and butyrate and so smaller hydrogen yields are obtained (Fang and Liu, 2002, 
Hussy et al., 2005). Depending of the environmental conditions other fermentation products, 
such as formate, propionate, lactate and ethanol could also be produced (Logan, 2004a). 
These by-products consume hydrogen during their production and should be avoided. 
Fermentative hydrogen production, which converts carbohydrate rich waste into hydrogen 
and acetate, has 33 % hydrogen conversion efficiency, whilst microbial electrolysis (MEC) 
converts acetate and/or butyrate into hydrogen, with hydrogen production efficiency close to 
70 % (Heidrich et al., 2013, Zhang et al., 2013) (see “Integration of Microbial Fermentation 
Microbial Electrolysis (MECs) to Increase Energy Recovery” section 2.6 for further details).   
 
Two stage biogas production is an elegant approach to the integration of bio hydrogen 
producing technologies to increase the energy yield, as each phase of the process can be 
optimised separately, resulting in more efficient removal of organic contaminants from the 
wastewater overall.!The two stage process has been applied in the treatment and conversion 
of a wide range of wastes including food waste (Han and Shin, 2004) and agro-industrial 
waste (Rincón et al., 2009). Either a methane fermenter, microbial electrolysis cell (MEC)  or 
microbial fuel cell (MFC) can be used as second stage process to convert byproducts of the 
hydrogen fermentation (first stage), which are mostly acetate and butyrate mixtures into 
methane, hydrogen or electricity (Guwy et al., 2011). 
 
An example of the development of integrated hydrogen production process from biomass is 
the non-thermal production of pure hydrogen from biomass project (HYVOLUTION project,    
(see Fig. 2)). This project involves members of 10 EU countries as well as Turkey and 
Russia, represented with prominent specialists in academia and industries. The aim of 
HYVOLUTION was to deliver prototypes of process modules that are needed to produce 
hydrogen of high quality in a bioprocess that is fed by multiple biomass feedstocks 
(Panagiotopoulos et al., 2012). HYVOLUTION is the combination of a thermophilic 
fermentation with photo heterotrophic fermentation. During the first stage (thermophilic 
fermentation, at temperatures ≥70 oC) thermophilic bacteria are used to start the bioprocess 








In thermophilic fermentation glucose is converted to, on the average, 3 moles of hydrogen 
and 2 moles of acetate as the main by-product. In contrast, for mesophilic fermentation, the 
average yield is only 1 to 2 moles of hydrogen per mole of glucose and butyrate, propionate, 
ethanol and/or butanol are the main by-products. The production of acetate as the main by-
product in the first fermentation is also very important because acetate is a prime substrate 
for photo heterotrophic bacteria (second stage). Through the combination of thermophilic 
fermentation with a photo heterotrophic fermentation (Liu et al., 2013), complete conversion 
of the substrate to hydrogen and CO2 can be established. This two step process allows 
hydrogen to be produced from molasses, thick juice, potato steam peels and barley straw in a 
two step fermentation process using thermophilic bacteria and photo fermentative bacteria, 
consecutively. The overall efficiency in the combined fermentative steps was 53 % and 
increased to 64 % if a genetically modified mutant was used for the photo fermentation 











2.2 Bioelectrical Systems 
 
Bioelectrical systems (BESs) convert chemical energy in organic compounds, to electrical 
energy and other products, by the metabolic reaction of electrochemically active 
microorganisms. The reductive energy in BESs cathodes can be used to produce energy rich 
fuels i.e. H2 (Escapa et al., 2012),  CH4 (Cusick et al., 2011, Logan et al., 2010) and other 
applications which include H2O2 production (Jian-Xiao et al., 2009), desalination (Luo et al., 
2012), treating dyes in wastewater (Kalathil et al., 2011), recovering radioactive waste 
(Lovley et al., 1991) and heavy metal ion removal from wastewater (Strandberg et al., 1981, 
Dollhopf et al., 2000, Liu et al., 2002). Two types of BESs were used in this thesis: - the 
microbial fuel cell (MFC), which converts the chemical energy into electricity and the 
microbial electrolysis cell (MEC) (Logan, 2008), which produces hydrogen by the electrolysis 
and is based on the architecture of MFC (Liu et al., 2005c, Logan and Cheng, 2007, Wang et 
al., 2010a).  
2.3 Fuel Cells 
 
A fuel cell is a device that converts energy generated by a chemical reaction directly into 
electricity. Fuel cells can be split into 3 main categories, microbial fuel cells (MFCs), 
enzymatic fuel cells and chemical fuel cells. These 3 categories can be split into sub 
categories determined by the kind of chemical reactions that take place in the cell, the kind of 
catalysts required, the temperature range in which the cell operates, the fuel required, and 
designs such as electrode materials.  
2.3.1 Chemical Fuel Cells and Enzymatic Fuel Cells (EFCs) 
 
Chemical fuel cells convert chemical energy of fuels, such as hydrogen and methanol into 
electrical energy (Andersson et al., 2010). Fuel cells can be split into 7 sub categories 
according to chemical reactions that take place in the fuel cells and the catalysts used:-   
 
i) Polymer electrolyte membrane fuel cells (PEMs) deliver high-power density and 
offer the advantages of a smaller volume and lower weight, compared with other 
chemical fuel cells (Kramm et al., 2012, Tian et al., 2013). PEM fuel cells use a 
solid polymer as an electrolyte and porous carbon electrodes containing a 
platinum or palladium catalyst. They consume hydrogen and oxygen from the air, 
and operate at low temperatures ≈ 80 °C compared to other chemical fuel cells 
and do not use corrosive fluids. They are typically operated on pure hydrogen 
supplied from storage tanks. Low temperature operation allows them to start 
quickly (less warm - up time) and also results in less wear on system components 
resulting in better durability.  
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However PEM fuel cells require a precious metal catalyst (typically platinum) to be 
used to separate the hydrogen's electrons and protons, which add significantly to 
system cost (Genorio et al., 2011). The platinum catalyst is also extremely 
sensitive to carbon monoxide (CO) poisoning, making it necessary to install an 
additional filter to reduce CO in the fuel gas, if the hydrogen, is derived from an 
alcohol or hydrocarbon fuel. Today most research on PEMs is focused on 
exploring use of alloys such as platinum/ruthenium catalysts that are more 
resistant to CO poisoning (Roth et al., 2005). 
ii) Direct-methanol fuel cells (DMFCs) are powered by methanol, which is mixed with 
steam and fed directly into the fuel cell anode chamber (Chen et al., 2013, Sharma 
et al., 2013). Methanol has a higher energy volumetric density than hydrogen,  so 
the size of a fuel tank for DMFC can be significantly smaller than those used for 
hydrogen powered fuel cells (Sharma et al., 2013).Methanol is also easier to 
transport and supply to the public using our current  infrastructure because it is 
present in a  liquid form (Rahimpour and Elekaei, 2009).  
iii) Regenerative fuel cells (RFCs) produce electricity from hydrogen and oxygen and 
generate heat and water as by-products (Wan et al., 2010). However, regenerative 
fuel cell systems can also use electricity from solar power or another electrical 
energy source to split water into oxygen and hydrogen fuel.  
iv) Solid oxide fuel cells (SOFCs) use a hard, non - porous ceramic compound as the 
electrolyte (Oh et al., 2012). These cells do not have to be constructed in the 
plate-like configuration typical of other fuel cell types, because the electrolyte is a 
solid. The biggest advantage of SOFCs is that they can convert around 50 % -      
- 60 % the embedded energy in the fuel into electricity. If the system's waste heat 
is also converted into electricity (co-generation), overall fuel use efficiencies could 
reach 80 % - 85 %. Solid oxide fuel cells operate at high temperatures - around 
1,000 °C, and therefore have longer warm-up times than PEM fuel cells. Most 
research on SOFCs today is focused on the development of SOFCs capable of 
operating at or below 800 °C, and therefore will have fewer durability problems 
and cost less. However, lower temperature SOFCs produce less electrical power, 
PEM fuel cells and stack materials that will function efficiently in this lower 
temperature range have not yet been identified (Raza et al., 2012). SOFCs are not 
poisoned by carbon monoxide (CO), which can even be used as fuel. This allows 
SOFCs to use gases made from coal (Oh et al., 2012).The development of low-
cost materials with high durability at cell operating temperatures is the most 
important technical challenge facing this technology. High temperature operation, 
however, removes the need for a precious-metal catalyst, thereby reducing cost. It 





v) Phosphoric acid fuel cells use liquid phosphoric acid as an electrolyte with the acid 
typically contained in a Teflon - bonded silicon carbide matrix along with the 
porous carbon electrodes containing a platinum catalyst (Zeng et al., 2013). 
Phosphoric acid fuel cells (PAFCs) are usually used for stationary power 
generation, but some PAFCs have been used to power large vehicles such as city 
buses. PAFCs are more tolerant of impurities in fossil fuels that have been 
reformed into hydrogen than PEM cells, which are easily "poisoned" by carbon 
monoxide (CO) (Hwang et al., 2006). PAFC converts fuel to current with 85 % 
efficiency when used for the co-generation of electricity and heat but only 37 % - 
42 % efficient at generating electricity alone. PAFCs produce less power 
(measured as Wm-3) than other fuel cells, for the same weight and volume. In 
order to deliver, the required power for a small house or a vehicle for example, 
these fuel cells are typically large and heavy compared to PEM fuel cells. PAFCs 
are also expensive, like PEM fuel cells, PAFCs require an expensive platinum 
catalyst, which increases the cost of the fuel cell (Zeng et al., 2013). 
vi) Molten carbonate fuel cells (MCFCs) are high-temperature fuel cells that use an 
electrolyte composed of a molten carbonate salt mixture suspended in a porous, 
chemically inert ceramic lithium aluminum oxide (LiAlO2) matrix (Jung et al., 2012). 
They operate at temperatures of 650 °C, which makes it possible to use non-
precious metals as catalysts at the anode and cathode, reducing costs of building 
electrodes. When the waste heat is captured and used, overall fuel efficiencies 
can be as high as 85 %. Unlike alkaline, phosphoric acid, and polymer electrolyte 
membrane fuel cells, MCFCs do not require an external reformer to convert more 
energy-dense fuels to hydrogen (Jung et al., 2012, Locher et al., 2012). 
vii) Alkaline fuel cells (AFCs) use a solution of potassium hydroxide (KOH) in water as 
the electrolyte and can use a variety of non-precious metals as a catalyst at the 
anode and cathode (Li et al., 2013a). High-temperature AFCs operate at 
temperatures between 100 °C - 250 °C. Newer low temperature AFCs operate at 
20 °C - 70 °C with fuel to electricity conversion efficiencies reaching near 60 %.  
The disadvantage of this fuel cell type is that it is efficiency is easily reduced by 
carbon dioxide (CO2). Even the small amount of CO2 in the air can affect this cell's 
operation, making it necessary to purify both the hydrogen and oxygen used in the 
cell to remove any carbon dioxide. This purification process can be costly. 
Susceptibility to poisoning by CO2 also affects the cell's lifetime (the amount of 
time before it must be replaced), further adding to the cost of operation (Li et al., 
2013b). 
viii) Enzymatic fuel cells (EFCs) use enzymes as catalysts to oxidize its fuel, rather 
than precious metals. EFCs consist of relatively inexpensive components (the 




Most often reported in literature are glucose and sacharides, but are also capable 
of utilizing lipids, carbohydrates and fatty acids) into electricity (Jenkins et al., 
2012, MacAodha et al., 2013). The size of EFCs can be reduced to fit into small 
implants powered by glucose in the blood stream (Yamamoto et al., 2013) and 
micro EFCs offer potential power source for small implants, such as pacemakers 
in the future. Unfortunately comparison between devices (anodes, cathodes, 
assemblies), in terms of operating conditions, performance benchmarks and 
stability benchmarks, is difficult with no adopted standardized procedures for 
testing or reporting of data (Uk Lee et al., 2013). 
 
2.3.2 Microbial Fuel Cells (MFCs) and Photo Microbial Fuel Cells (P- MFCs) 
 
Microbial fuel cells (MFCs) convert the chemical energy in liquid organic waste into electricity 
via electrochemically active microorganisms growing on the anode surface (Logan et al., 
2006). MFCs have been studied for wastewater treatment because they convert organic 
waste into electricity at ambient  temperatures and may not require any additional energy 
input (Logan, 2008) for heating. In MFCs, the fuel substrate is organic compounds found in 
wastewater, which are then converted into acetate and then into water and carbon dioxide. 
Biochemical electricity generation was reported as early as 1910 (Logan et al., 2006) and has 
been extensively investigated since 1960’s. Research has used two main types of MFCs:- 
microbial fuel cells (MFCs) and photo microbial fuel cells (P-MFCs). P-MFCs contain 
microalgae instead of bacteria used in MFCs. PMFCs require less external organic carbon 
than MFCs as they convert CO2 in the atmosphere into organic matter (Pandit et al., 2012). 
The work on approaches to integrate photosynthesis is still in the early stages of 
development and primarily concerns bioremediation and metal oxidation applications.  The 
biggest problem however is building a chamber for photosynthetic culture, so that as much of 
biomass as possible would be exposed to the light source for a scaled up system (Pandit et 
al., 2012). MFCs and P-MFCs can be split into 3 sub types:-  
 
i) Product microbial fuel cells are used for the production of a electrochemical 
product from organic substrate such as carbohydrates (Malki et al., 2008), 
wastewater containing lipids (Daniel et al., 2009), volatile fatty acids (VFAs) (Xing 
et al., 2008), antibiotics (Wen et al., 2011) and dyes (Li et al., 2010b). Product 
MFC cells are mediatorless i.e. do not require dissolved electron carrier in the 








ii) Redox cells (used for conversion of electrochemical product into electrochemical 
reactants, which can be again converted into electrochemical product) (Young et 
al., 1966). The term redox MFC cells refer to mediated MFC (these require 
dissolved electron carrier in the solution or immobilized electron carrier on the 
anode surface). Electron mediators could be electron carriers, such as neutral red 
(Park and Zeikus, 1999), resazurin (Sund et al., 2007), methyl viologen (Park and 
Zeikus, 2000), metal ions, such as Fe2+ (Park and Zeikus, 2003) and mediators, 
such as phenazine produced by cells themselves.  Product or redox MFCs and P-
MFCs can be either one chamber with air cathodes or two chamber MFCs with 
second chamber containing an electron acceptor. The cathodes could consist of a 
catalyst immobilized on a carbon cloth surface (Cheng et al., 2006b) or a biofilm 
on carbon cloth (biocathode) in a solution containing a fuel substrate (He and 
Angenent, 2006).  
 
iii) The term sedimentary MFC refers to either a product MFC (ii) or redox MFC (iii) 
implemented as a one chamber MFCs where the anode is placed at the bottom of 
the chamber containing sediment and water and cathode is placed above it 
(Logan et al., 2007d). The devices are typically used for electricity production from 
marine sediments. 
 
One promising application of  MFC technology is to extract useful energy from organic 
wastes, thus reducing the negative environmental impacts associated with conventional 
waste treatments, such as activated sludge processes, landfill and incineration (Wang et al., 
2012). MFCs have been used to treat a range of liquid organic waste: - biodiesel waste 
(Sukkasem et al., 2011) and liquid food wastes (Cusick et al., 2011) with the concurrent 
production of energy. In order to become commercialized microbial fuel cells need to have 
similar performance factors, such as power density and voltage to chemical fuel cells and be 
able to treat waste at a similar rate to conventional biological waste treatment systems. The 
power densities of MFCs are approximately 10 times smaller than that of chemical fuel cells 
(Aelterman et al., 2006b, Logan et al., 2006). This is one reason why a significant amount of 
research today focuses on improving voltage production and power density of MFCs (Lanas 









2.4 Principles of Microbial Fuel Cell (MFCs) Operation 
 
A microbial fuel cell (MFC) consists of an anode and cathode separated by an ion exchange 
membrane (see Fig. 3). In the anode compartment, substrate is oxidized by microorganisms, 
generating electrons and protons. The electrons are transferred to the cathode compartment 
through the external circuit, and the protons are transferred from the anode to the liquid 
cathode compartment or open-air cathode through the ion exchange or microfiltration 
membrane (Li et al., 2010a). Electrons and protons are consumed at the cathode, combining 
with a terminal electron acceptor (TEA) which accepts electrons and becomes reduced 
(Rabaey and Verstraete, 2005). The TEAs could be oxygen (Kim et al., 2010), ferricyanide 
(Chaudhuri and Lovley, 2003) and anaerobic bacteria, if a biocathode is used (Clauwaert et 
al., 2007b). Electron acceptors such as ferricyanide are not practical to use compared to 
atmospheric oxygen because they are not easily regenerated and expensive (Logan et al., 
2006, Willner et al., 1998). If the oxygen in atmospheric air is used as electron acceptor in 
single chamber MFCs, it eliminates the need for building a second chamber which is an 




Figure 3 – Single chamber cubic microbial fuel cell (MFC) schematic. 
 
Bacteria in microbial fuel cells (MFCs) do not constantly produce electricity at the same rate. 
If an external resistor not placed between the anode and cathode, the voltage production 
would increase and then rapidly decrease with time (Menicucci et al., 2006). Placing a 
resistor (100 Ω - 1000 Ω) between the anode and cathode, in MFCs, allows voltage 














The power generated by the MFC is also limited by the charge-transfer resistance to the 
electrode, including kinetic and / or mass transfer limitations (Sleutels et al., 2009b, Sleutels 
et al., 2009a) and the external resistance (Aelterman et al., 2008, Christy et al., 2011, 
Coronado et al., 2013, Hong et al., 2011, Katuri et al., 2011). The impact of charge-transfer 
could be demonstrated by increasing the convection of electro active species in a solution, 
which in turn increases the ionic transport, electricity production and power density in MFCs. 
The effect of the internal mass transfer resistance is described in “Performance Inhibitors in 
Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs)“ section 2.16 in greater 
detail.  The voltage between the cathode and the anode is measured and can be compared 
to theoretical overall electrode potential E(cell), (see equations 12 and 18). This is calculated 
from the half cell potentials E(half cell). Half cell potentials are calculated via the Nernst 
Equation. The Nernst Equation relates the equilibrium reduction potential of a half cell  in an 
electrochemical cell to the standard electrode potential and  temperature, as shown: 
 
E(half cell) = E ө -  
nF
RT ln (K) Eq 1  
 
Where the half cell is a structure that contains conductive electrode and a surrounding 
conductive electrolyte separated by ion exchange membrane. For experiments conducted in 
this thesis, E(half cell) is half cell potential, E ө is standard half cell potential, R=8.314 J K-1mol-1, 
T = temperature, F= Faraday’s constant (96500 c mol -1), n = number of electrons (8 for 
acetate (Eq 5) and 4 for butyrate (Eq 14), 20 (if it is considered that butyrate oxidized to 
acetate and acetate is converted into carbonate (Logan et al., 2006)) and K is equilibrium 
constant (the function of concentration when the reaction has reached equilibrium). In order 
to simplify the equation:  
 
(R (J K-1 mol-1) ×T (K)) / F (c mol-1) = 25.693 × 10-2 J c-1 = 25.693mV  Eq 2  
Acetate oxidation, for example can be represented by 2 half equations. Equilibrium constant 
(K) for substance concentration X, which could be any substance, is always represented as:- 
K= [X(reduced)] / [X(oxidized) ]  Eq 3 
(Aelterman et al., 2006a, Logan et al., 2006, Logan, 2008)    
so that all half equations are written in reduction direction X(oxidized) X(reduced).  Eq 4  
Both half equations for acetate oxidation (Eq 5 and Eq 14), used as an example, are written 
in reduction direction despite that this is an oxidation reaction. The overall equations 11 and 
17 however can be written in the oxidation direction.  
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Acetate is used as an example because it is most common substrate of choice in MFCs and 
because it produces highest voltages and power densities reported in the literature (Logan et 
al., 2006).  
Half cell equation for anode for MFC with acetate:   
2HCO3 -(aq)+9H+(aq) + 8e- CH3COO -(aq)+4H2O(l)    Eq 5 
 
ln(K) = ln (
 ][H ][HCO










        [0.02]
97-2 ×
) ≈ 149 (no units) Eq 6 
 
E(half cell) = E ө(half cell) -  
nF
RT ln (K) = 0.187 - (
8
1 ×25.693×103×149)  = -0.292V Eq 7 
Half cell equation for cathode for MFC with acetate:    
4H+(aq)+O2(g) 2H2 O Eq 8 
 
This is a special case where the percentage of oxygen in air (21%) has to be taken into the 
account:  
ln(K) = ln (
 0.21][H 
        1
4
(aq) ×
+ ) = ln (  0.21][10




       1
28- ×
) ≈ 66 (no units) Eq 9 
E(half cell) = E ө(half cell) -  
nF
RT ln (K) = 1.23 –  (
4
1 ×25.693×10-3×66) = 1.23-0.424= 0.806V Eq 10 
 
Overall: CH3COO –(aq)+2O2(g) 2HCO3 -(aq)+H +(aq)E Eq 11 
 
E(cell) = E(half cell cathode) - E(half cell anode) =0.806- (-0.292) = 1.01 V Eq 12 
 
Eq 11 and Eq 12 show that 1.01V is potentially produced by a microbial fuel cell (MFC) from 
20 mmol L-1 acetate solution. In reality however approximately 0.6V are produced in close 
circuit conditions due to overpotential and ionic transport losses described as “Performance 
Inhibitors in Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs)” (see 
section 2.16). The electrode potential E(cell) does not only show how much voltage can be 
produced by the MFC in theory it can also be used to calculate the Gibbs free energy 
constant ΔG (a thermodynamic potential which indicates the spontaneousness of a chemical 
reaction solution (Bard and Faulkner, 1976)). The relationship between ΔG and E(cell) is 
determined by the equation: 
ΔG=-nFE(cell)   Eq 13 




If ΔG is negative a chemical reaction is spontaneous and if ΔG is positive energy has to be 
applied to drive the chemical reaction. If E(cell) is positive for example, it results in negative 
Gibbs free energy, so the reaction does proceed and voltage is produced, in MFC.  
 
The oxidation of butyrate is described by equations 14 - 16. Butyrate is 1st oxidized to acetate 
and then acetate is converted by bacteria into carbonate (Liu et al., 2005b). Butyrate 
oxidation to acetate produces 4 electrons (Eq 14 and Eq 17) and 2 mol of acetate (8+8 
electrons) that are then converted into carbonate (Eq 5 and Eq 12).  
Half cell equation for anode for MFC with butyrate:   
 
2CH3COO-(aq)+5H +(aq)+4e- C3H7 COO-(aq)+2H2O(l)  Eq 14 
 
ln(K) = ln (
 ][H ]CCOO[H








) = ln (
 ][10 ][0.02
        [0.02]
57-2 ×
)≈ 85 (no units)  Eq 15 
 
E(half cell) = E ө(half cell) -  
nF
RT ln (K) = 0.184 - (
4
1 ×25.693×10-3×85) = -0.362V Eq 16 
Half cell equation for cathode for MFC with butyrate:   
 
4H+(aq)+O2(g) 2H2 O Eq 8 
 
This is a special case where the percentage of oxygen in air (21%) has to be taken into the 
account  
ln(K) = ln (
 0.21][H 
        1
4
(aq) ×
+ ) = ln (  0.21][10




       1
28- ×
) ≈ 66 (no units)  Eq 9 
 
E(half cell) = E ө(half cell) -  
nF
RT ln (K) = 1.23 –  (
4
1 ×25.693×10-3×66) = 1.23-0.424= 0.806V Eq 10   
 
Overall: C3H7 COO -(aq)+O2(g) 2CH3COO -(aq) + H +(aq)  Eq 17                                                                      
 








Electrode and half cell potentials (E(cell) and E(half cell)) for 5, 10 and 20 mmol L-1 acetate or 
butyrate concentrations are shown in Table 1.  
 
Table 1 – Electrode and half cell potential values (E(cell MFC) and E(half cell MFC)) for 
butyrate and acetate oxidation reactions calculated using Nernst Equation.  
 
 Conc. (mmol L-1) E(half cell anode MFC) (V) E(half cell cathode MFC) (V) E(cell MFC) (V) 
acetate 5 - 0.295 0.806 1.101 
E ө(half cell) = 0.187 (V) 10 - 0.295 0.806 1.101 
(Logan et al., 2006) 20 - 0.292 0.806 1.098 
butyrate 5 - 0.368 0.806 1.174 
E ө(half cell) = 0.184 (V) 10 - 0.362 0.806    1.170 
(Thauer et al., 1977) 20 - 0.362 0.806    1.170 
 
2.5 Principles of Microbial Electrolysis Cell (MEC) Operation 
 
Microbial electrolysis cell (MEC) can convert organic pollutants in wastewater into hydrogen 
(Guo et al., 2010). The hydrogen yield of an MEC using 1g Chemical Oxygen Demand (COD, 
an indirect method used to determine how much substrate is consumed described in “Offline 
Analysis Methods” section 4.8), could liberate 1.4 L of hydrogen at 25 oC and 1 atm (Oh and 
Logan, 2005, Liu et al., 2005c).  
 
Microbial electrolysis cell (MEC) is a technology related to microbial fuel cells (MFCs) and 
has many similar characteristics, such as anode chamber designs. There are however five 
important differences:-  
 
i) MFC's produce electric current from the microbial decomposition of organic 
compounds; MEC's however require electric current to generate hydrogen. 
ii) The cathode chamber in MEC has to be sealed to prevent loss of hydrogen 
(Fig. 4).  
iii) In a microbial electrolysis (MEC) there is a loss of hydrogen, through the 
diffusion membrane from cathode into the anode chamber and hydrogen 
consumption by methanogenic bacteria, but there is no comparable process in 
microbial fuel cells (MFC). Hydrogen therefore has to be generated in a 
manner that reduces the diffusion back into the anode chamber (Hamelers et 





iv) Methane production in the cathode chamber from hydrogen or substrate is 
called cathodic methanogenesis  (Hamelers et al., 2007), explained further in 
”Cathodic Methanogenesis” in “Performance Inhibitors in Microbial Fuel Cells 
(MFCs) and Microbial Electrolysis Cells (MECs)” section 2.16. This problem 
arises from archaea (methane producing microorganisms) reaching into the 
cathode chamber, of a two chamber microbial electrolysis cells (MECs). The 
reasons for this could be small holes (imperfections) on the membrane surface 
big enough to let substrate to pass through and contamination by bacteria 
from the anode chamber, when MECs are taken apart for cleaning. This 
problem could be greatly reduced, if the electrolyte solution, ion exchange 
membrane and the cathode surface are sterilized before next experiment 
begins. In microbial fuel cells (MFCs), which do not produce hydrogen this 
problem is avoided. 
v) This difference only applies to MFC with air cathodes. Oxygen diffusion 
through the membrane into the anode chamber kills anaerobic bacteria. 
Therefore coulombic efficiency (CE for MFC and RCE for MEC), the efficiency 
with which the substrate is converted into current is lower for MFCs with air 
cathodes compared to coulombic efficiencies for MECs.  In MECs this problem 
is avoided because cathode chamber is anaerobic resulting in much higher 
coulombic efficiencies (RCES), as high as 97 %  compared to 10 % and 78 % in  
MFCs with open air cathodes, depending on designs and their internal 






Figure 4 – Two chamber cubic microbial electrolysis cell (MEC) schematic. 
Figure 4 shows a typical microbial electrolysis cell (MEC) consisting of an anode and a 
cathode chamber, where the anode chamber contains electrolyte solution and substrate for 
the bacteria grown on the porous bioanode surface (usually carbon cloth). Anion (AEM) or 
cation (CEM) exchange membrane separates both chambers. The cathode is usually 
platinum (Pt) treated carbon cloth or Pt coated titanium mesh (Rozendal et al., 2007). The 
cathode chamber (usually abiotic) contains a terminal electron acceptor (TEA) dissolved in 
electrolyte (Mohan et al., 2009). If a gaseous cathode is used, the cathode is placed directly 
over the membrane (Tartakovsky et al., 2008). A biocathode can then be used as alternative 
to precious metal catalyst based cathode and contains bacteria on the carbon cloth surface, 
as in the MFC anode (Rozendal et al., 2007). The hydrogen in a MEC is usually produced by 
Proteobacteria (Logan et al., 2008). The side product methane is produced by archaea, if a 
mixed microbial culture, grown from anaerobically digested sludge is used.  
The hydrogen produced by MECs can be stored and used to produce electricity by means of 
an additional PEM fuel cell or internal combustion engine for domestic use and/or in gas 
powered and hydrogen fuel cell vehicles (Hirose, 2010). Microbial electrolysis (MEC) 
process, requires 0.5-0.8 V in practice, utilizes less voltage than water electrolysis, which 
requires a minimum voltage of 1.23 V to produce hydrogen (Hamelers et al., 2007).  MEC 
offers potential for even greater efficiency. Theoretical voltage required to drive the process is 
much lower 0.119 V, if electron transport and overpotenial losses (described in detail in 
“Performance Inhibitors in Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells 















The theoretical voltage needed to drive the process is calculated, using the same method as 
described in “Principles of Microbial Fuel Cells (MFC) Operation” section  2.4 with all half cell 
equation written in the reduction direction and overall equation written in the direction it 
occurs in practice:- 
 
Half cell equation for anode for MEC with acetate:   
 
2HCO3 -(aq)+9H+(aq) + 8e- CH3COO -(aq)+4H2O(l)  Eq 5 
 
ln(K) = ln (
 ][H ][HCO








) = ln (
 ][10 ][0.02
        [0.02]
97-2 ×
) ≈ 149 (no units) Eq 6 
 
E(half cell) = E ө(half cell) -  
nF
RT ln (K) = 0.187 - (
8




Half cell equation for cathode for MEC with acetate:   
 
2H+(aq)+2 e- H2  Eq 19 
ln(K) = ln (
 ][H 
        1
2
(aq)
+ ) = ln (  ][10
       1
27-
) = ln (
 [10]
       1
14-
) ≈ 32 (no units) Eq 20 
 
E(half cell) = E ө(half cell) -  
nF
RT ln (K) = 0  –  (
2
1 ×25.693×10-3×32) = 0 - 0.414=  - 0.414V Eq 21   
 
Overall: CH3COO –(aq)+4H2O(g) 2HCO3 -(aq)+H +(aq) +4H2 (g) Eq 22 
 
E(cell) = E(half cell cathode) - E(half cell anode) = - 0.414- (-0.292) = - 0.122V Eq 23        
 
Eq 21 and 22 show that 0.122V is required to drive acetate oxidation to hydrogen in (MEC) 
from 20 mmol L-1 acetate solution. In reality, however approximately 0.5-1V are required. 
Electrode potential E(cell) does not just show how much voltage can be produced   by MFC in 
theory it can also be used to calculate Gibbs free energy constant ΔG could be calculated, as 
described in “Principles of Microbial Fuel Cell (MFC) Operation” section 2.4. Gibbs free 
energy is positive for acetate oxidation to hydrogen that means that energy has to be applied 
to drive this reaction. The butyrate oxidation is described by equations 14 and 25. Butyrate is 
first oxidized to acetate and then acetate is converted by bacteria into carbonate (Liu et al., 
2005b). Butyrate oxidation to acetate produces 4 electrons (Eq 5), and 2 mols of acetate (8+8 




Half cell equation for anode for MEC with butyrate:   
 
2CH3COO-(aq)+5H +(aq)+4e- C3H7 COO-(aq)+2H2O(l) Eq 14 
 
ln(K) = ln (
 ][H ]CCOO[H








) = ln (
 ][10 ][0.02
        [0.02]
57-2 ×
) ≈ 85 (no units) Eq 15 
 
E(half cell) = E  ө(half cell) -  
nF
RT ln (K) = 0.184 - (
4
1 ×25.693×10-3×85) = -0.362 V Eq 16     
 
Half cell equation for cathode for MEC with butyrate:    
 
2H+(aq)+2 e- H2 Eq 19 
ln(K) = ln (
 ][H 
        1
2
(aq)
+ ) = ln (  ][10




       1
14-
) ≈ 32 (no units) Eq 20 
 
E(half cell) = E ө(half cell) -  
nF
RT ln (K) = 0  –  (
2
1 ×25.693×10-3×32) = 0 - 0.414=  - 0.414 V Eq 21 
 
Overall: C3H7 COO -(aq)+ 2H2O (l) 2CH3COO -(aq)+H +(aq) +2H2 (aq) Eq 24 
 
E(cell) = E(half cell cathode) - E(half cell anode) = - 0.414- (-0.362) = - 0.052 V Eq 25        
 
Electrode and half cell potentials (E(cell) and E(half cell)) for 5, 10 and 20 mmol L-1 acetate or 
butyrate concentrations are shown in Table 2.  
 
Table 2 –  Electrode and half cell potential values (E(cell MFC) and E(half cell MFC)) for 
acetate and butyrate oxidation reactions calculated using the Nernst 
Equation. 
 
 Conc. (mmol L-1) E(half cell anode MFC) (V) E(half cell cathode MFC) (V) E(cell MFC) (V) 
acetate 5 - 0.295 - 0.414 - 0.119 
E ө(half cell) =0.187 (V) 10 - 0.295 - 0.414 - 0.119 
(Logan et al., 2006) 20 - 0.292 - 0.414 -0.122 
butyrate 5 - 0.368 - 0.414 -4.6×10-2 
E ө(half cell) =0.184 (V) 10 - 0.362 - 0.414 -5.2×10-2 






2.6 Integration of Biohydrogen Fermentation with BES to Increase Energy 
Recovery  
Hydrogen can be produced from wastewater containing food waste and/or dyes (Catanho et 
al., 2006, Li et al., 2010b) using hydrogen fermentation integrated with microbial electrolysis 
(MEC) cell. This is the most efficient way to remove organic waste from wastewater in terms 
of energy recovery and treatment of organic waste (Guwy et al., 2011). Hydrogen 
fermentation is the process that converts organic wastewater, mostly containing 
carbohydrates, lipids and proteins by hybrid process into hydrogen and volatile fatty acids 
(Vass). Anaerobic fermentation converts organics in wastewater to hydrogen with 17-33 % 
efficiency  with  4 mol (Eq 26) or 2 mol (Eq 27) of hydrogen obtained per mol of carbohydrate 
compared to theoretical amount of 12 mol of hydrogen per mol carbohydrate, use:- eg.         
Eq 28), with acetate or butyrate mixtures as main aqueous products (Logan, 2004a).    
 
C6H12O6 + 2H2O  2C2H4O2 + CO2 + 4H2 Eq 26 
 
        C6H12O6  C4H8O2 + 2CO2 + 2H2 Eq 27 
 
        C6H12O6 + 6H2O  6CO2 + 12H2 Eq 28 
 
Therefore another step is needed to consume the remaining volatile fatty acids such as 
acetate and butyrate in order to completely remove organic pollutants and to increase the 
energy yield (Collet et al., 2004, Massanet-Nicolau et al., 2008, Guwy et al., 2011). If a 
hydrogen fermenter is connected to microbial electrolysis cell (MEC), as shown in figure 5, 
the hydrogen yield could be  increased by up to  60-80% (Hallenbeck and Benemann, 2002). 
 
 




For photo fermentation, increased yields ranging from 53 to 64% have been reported 
(Claassen and de Vrije, 2006, Claassen et al., 2010, Claassen et al., 2009, Liu et al., 
2013a). The overall yield of the hydrogen fermentation process combined with microbial 
electrolysis (MEC) could be increased even closer to 100 % in the near future (Chaudhuri 
and Lovley, 2003, Logan and Cheng, 2007, Liu and Fang, 2003).  It could be suggested 
that hydrogen fermentation combined with MEC will replace conventional methods used to 
produce hydrogen such as steam reforming (see “Introduction” (section 2) for more details). 
If the hydrogen fermenter is connected to microbial fuel cell (MFC) the percentage organic 
removal can be increased to 70-90 % (Lu et al., 2009) with 17-33 % of organics converted 
into hydrogen and remaining 37-73 converted into electricity (Wang et al., 2011). Hydrogen 
production by (MEC) however is considered to be more profitable then production of 
electricity from wastewater (Foley et al., 2010), so research in  near future is more likely to 
focus on the development of hydrogen fermenters integrated with microbial electrolysis 
cells (MECs) and microbial fuel cell (MFC) technology. Hydrogen fermentation combined 
with MEC is considered to better than conventional wastewater treatment technologies, 
such as activated sludge treatment (Anastasi et al., 2012), which has already been taken to 
industrial level and dominates the wastewater treatment industry. Activated sludge 
treatment process involves pumping air or oxygen into sewage or industrial wastewater in 
order to promote growth of organisms to develop a biofilm,  which reduces 
the organic content in treated wastewater (Dey and Magbanua, 2012). MFC integrated with 
hydrogen fermentation however produces gas and electricity and does not require as much 
energy as activated sludge treatment, which only removes organic waste (Liu et al., 2011c).    
 
Three key research areas, for improving the performance of hydrogen fermenters, microbial 
electrolysis cells (MECs) and microbial fuel cells (MFCs) have to be addressed:  
 
i) New materials for better configurations of fermenters, MECs and MFCs. 
 
ii) Low material costs as well as low operational costs, dry cathodes that have 
high affinity to oxygen and use O2 directly from air, for MFCs.  
 
iii) A reliable output for “non commodity” electricity produced by MFCs  (Pham et 
al., 2006). Studies on the integrated anaerobic hydrogen fermentation 
treatment / MEC systems (Foley et al., 2010, Guwy et al., 2011) suggest that 
there is sufficient cause, from an environmental perspective, to pursue the 






2.7 Electrochemically Active Microorganisms 
 
Electrochemically active bacteria are bacteria required for electricity production in microbial 
fuel cell (MFC) or hydrogen production in microbial electrolysis cell (MEC) at applied voltage 
(Mu et al., 2010). It was shown that presence of Aeromonas, Geobacter  and / or Shewanella  
bacteria was required for the current generation of 0.80 - 0.89 V at open circuit potential 
(Sharma et al., 2008). In their experiment a microbial fuel cell having only substrate (acetate) 
in abiotic environment did not produce any current. However, when bacteria were added to 
the system, there was a rapid increase in the open circuit potential (OCP) to 0.2 V and a 
gradual increase in the potential to 0.89 V, there after. Bacteria, such as Geobacter  and 
Shewanella, capable of transferring electrons to outer membrane without aid of artifical 
electron carriers are sometimes referred to as exoelectrogenic bacteria Logan (2008). The 
term electrochemically active or electrogenic bacteria refers to both exoelectrogens and 
becteria, such as Escherichia coli, which require artificial electron mediators to facilitate 
electricity production. Electrochemically active bacteria have the ability to transfer electrons 
to an electrode by anaerobic respiration from various organic compounds such as 
carbohydrates proteins and lipids found in sewerage and food waste wastewaters (Allen and 
Benetto, 1993, Moon et al., 2006, Oh et al., 2005), from dyes (Mu et al., 2009), metals 
(Strandberg et al., 1981) and even  radioactive metals (Lovley et al., 1991).  
 
Electrochemically active bacteria evolved over millions of years using various compounds to 
support their metabolism, without gaseous oxygen to drive their respiration. In anaerobic 
environments where the availability of electron acceptors is limited, bacteria have ability to 
generate energy by fermentative metabolism (Thauer et al., 1977). Fermentative metabolism 
is a process that occurs in the absence of electron transport chain which oxidizes a carbon 
source, such as glucose (substrates used in MFCs and MECs are reviewed in greater detail 
in “Substrates Used for Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs)” 
section 2.13), converting it into products like lactic acid or acetate which requires more 
energy than respiration (a process where the chemical energy of organic molecules is 
released in a series of metabolic steps involving the consumption of oxygen and the 
liberation of carbon dioxide and water (Logan, 2008)). Anaerobic glycolysis is responsible for 
hydrogen production in hydrogen fermentation (Cheng and Liu, 2011) and is the first step for 
electricity production in microbial fuel cells (MFC) operated on glucose (Catal et al., 2008).  
 
There is no name for the pathways for fatty acid oxidation process in anaerobic bacteria, 
which produces electrons when acetate is converted into carbonate. In electrochemically 
active bacteria, in anaerobic environment, these electrons are not used directly for energy 
generation but to create the proton gradients across the cell membranes to re-generate 
electron carrier molecules, such as adenosine triphosphate (ATP).  
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In order to transfer electrons to exogenous (outside the cell) electron acceptor Geobacter 
species have conductive pilli (nanowires) (Reguera et al., 2005), Pseudomonas aeruginosa 
species produce exógenos  electron carrier phenazine (Venkataraman et al., 2010) and 
Escherichia coli can use a artificial electron acceptor such as neutral red (Park et al., 1999, 
Park and Zeikus, 1999). Electrochemically active bacteria may also use methanogenic 
bacteria as electron acceptors (Reguera et al., 2005, Gorby et al., 2008).  It has been 
observed that Pelotomaculum species produced conductive pilli like appendages connecting 
them to methanogens, more specifically M. thermoautotrophicus (Gorby et al., 2006).  
  
Shewanella species, which have electron conductive pilli  (Inman, 2006) and E. Coli, capable 
of utilizing exogenous electron carriers  are often used in microbial fuel cells (MFCs) to 
produce electricity. Geobacter species are used in microbial electrolysis cells (MECs) to 
create the proton gradients across the cell membranes to generate hydrogen (Call et al., 
2009b). A lot of information has been obtained on Shewanella and Geobacter species and 
mechanisms used to generate electricity from organic substrate (Dollhopf et al., 2000, Logan, 
2008), and their genetic sequence (Heidelberg et al., 2002, Methe et al., 2003).  The full 
diversity of bacteria capable of generating electricity however is just beginning to be 
discovered.  
 
While most of the electrochemically active bacteria has been reported to be Gram-negative, 
such as Geobacter and Shewanella species, some Gram-positive bacteria such as 
Micrococcus luteus, Bacillus subtilis, and Staphylococcus carnosus were also shown to 
perform direct electron transfer (Berge et al., 2010, Delia et al., 2010) in micro scale microbial 
fuel cell (MFC) which were focused on proving that the bacteria were capable of  electron 
transport. Gram-positive bacteria however have not yet been used in large scale bio 
electrochemical systems (BES) with aim to produce electricity or hydrogen.  
 
Electrochemically active bacteria have great importance in natural environment, principally in 
metal oxidation, reduction and associated effects of mineral dissolution, the carbon cycle and 
sorption of phosphorus and heavy metals. These microorganisms could have great potential 
for organic waste treatment combined with energy production (Margesin and Schinner, 2001, 
Logan, 2008) and also in the removal of inorganic waste such as heavy metals (Lee and Kim, 
2010) and radioactive materials (Pedersen, 2002). Electrochemically active bacteria are 
relatively easy to obtain because rich sources of these microorganisms are wastewaters, 
anaerobically digested sludge and sediments. Often mixed cultures are used in microbial 
electrolysis fuel cells (MFCs) and microbial electrolysis cells (MECs). This means that there 
are a large number of bacteria that are not electrochemically active in the community. Robust 




2.8 Electron Transport Mechanisms in Electrogenic Bacteria 
 
Electrogenic bacteria are known to use two electron transfer mechanisms: shuttling via self 
produced mediators, as produced by Pseudomonas aeruginosa produces phenazine-1-
carboxamide (Sell et al., 1989, Rabaey et al., 2005a) or electrically conductive pilli 
“nanowires” as produced by Geobacter and Shewanella species (Reguera et al., 2005, 
Gorby, 2006, Gorby, 2007). Although both species are capable of producing “nanowires”, 
gene deletion studies have shown that Shewanella species are also capable or shuttling via 
self produced mediators Geobacter species however, could only transfer electricity through 
pilli, as shown by Gorby et al (2006). 
2.8.1 Use of Endogenous and Exogenous Electron Carriers for Indirect (Mediated) 
Electron Transport in Electrogenic Bacteria 
 
Shuttling or mediated electron transport usually involves a molecule accepting electrons from 
the bacteria and releasing these electrons to the anode. The electrode potential (E), for the 
mediator molecule, has to be higher than that of substrate oxidation but lower than E of the 
reaction occurring on the cathode surface.  These chemicals could be exogenous (not 
produced by the cell) such as rezazurin (Sund et al., 2007), or endogenous compounds 
produced by the bacteria. Pseudomonas aeruginosa, for example, can produce endogenous 
mediators, such as phenazine. Studies on endogenous electron mediators were done to 
identify genes responsible for electron transport mechanisms and electron mediator 
production  (Venkataraman et al., 2010).  This study investigated the effect of deletion of 
various genes from bacterial DNA on the electron mediator (phenazine) until the genes 
responsible for phenazine production were identified. Studies on the effect of endogenous 
electron mediators have only been performed on laboratory scale (Cusick et al., 2011, 
Escapa et al., 2012, Heidrich et al., 2013). 
 
Artificial electron mediators facilitate electricity production by yeast and bacteria such as E. 
coli  (Wang et al., 2010c) which are unable to use the electrode directly and therefore 
produce low voltages and power densities (Bond and Lovley, 2003). The desirable 
characteristics for an artificial electron mediator are (i) capability to penetrate or attach itself 
to the receptors on cytoplasm membrane in prokaryotic bacteria; (ii) capability of accepting 
electrons from the cell and discharging these electron on the anode, (iii) high solubility and 
stability and finally (iv) low toxicity  to microorganisms and environment (Bon et al., 2007) 





Large variety of chemicals has been determined to facilitate electron transport from the 
bacteria to anode;  exogenous mediators such as  neutral red (NR) (Park et al., 1999, Park 
and Zeikus, 1999), thiamin (Choi et al., 2003, Lithgow et al., 1986), potassium ferricyanide 
(Mohan et al., 2009, Logan, 2008), ubiquinone (Rajalakshmi et al., 2010), methyl viologen 
(MV) (Logan et al., 2006, Das et al., 2008), methylene blue (MB) (Das and Mohan, 2009, 
Daniel et al., 2009, Wang et al., 2010c), and naturally produced chemicals by bacteria 
(endogenous mediator) such as phenazine  (Rabaey et al., 2005a) have been documented. 
Methylene blue (MB) has been used in MFC research as well as a mediator in 
bioelectrochemical systems because it is cheap, low toxicity and soluble in bacterial media 
than other chemicals (Guilherme et al., 2003). 
2.8.2 Direct (Mediatorless) Electron Transport in Electrogenic Bacteria 
Direct electron transport involves electron transfer to electron acceptor through conductive 
pilli. Gorby and coworkers were the first to report conductive pilli in Geobacter, which were 
termed as nanowires (Gorby et al., 2006). The conductivity of these nanowires was examined 
via conductive scanning tunneling electron microscopy (STM). In nature electrically 
conductive pilli enable Geobacter species to transport electrons to archaea, which use these 
electrons to produce methane and act as electrons acceptors for electrochemically active 
bacteria. The electron transport for Geobacter species has been studied as a model to 
understand enzymatically catalyzed reactions (Reguera et al., 2005) and electron transport 
chains that enable Geobacter species to transport electrons to outside of their cell walls 
(Mehta et al., 2005). G. Sulfurreducens is the organism of choice for research since its 
complete genetic sequence is now available (Heidelberg et al., 2002, Methe et al., 2003). 
Similar “nanowires” were observed in Shewanella species (Inman, 2006). Shewanella 
putrefaciens  IR-1, for example, was shown to achieve high Fe(III)-reduction activity without 
addition of exogenous mediators (Hyun et al., 1999). Several other strains of Shewanella 
species were shown to be electrochemically active (Park et al., 2001, Pham et al., 2003, 
Chaudhuri and Lovley, 2003).  
Electron transport chains in processes linked to anaerobic glycolysis (a process that allows 
bacteria to produce energy by substrate oxidation in anaerobic environment) have been 
extensively studied (Brooijmans et al., 2009, Fuller et al., 2014). An electron transport chain 
(ETC) couples electron transfer between an electron donor (such as NADH or Cytochrome b) 
and an electron acceptor with the transfer of H+ ions (protons) across a membrane. The 
resulting electrochemical proton gradient is used to generate chemical energy in the form of 
adenosine triphosphate (ATP). Other processes linked to electricity production by 
electrochemically active bacteria such as dissimulatory metal reduction have also been 
studied (Lovley, 1993).  
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Dissimulatory metal reduction is a process that is utilized by microbes to conserve energy 
through oxidizing organic or inorganic electron donors (metal ions) and reducing a metal or 
metalloid (Lovley et al., 1991). Fe (III) ions in the outer membrane is linked to production of 
energy carrier, adenosine triphosphate (ATP) and endogenous electron carrier      
Cytochrome b. Generation of ATP using cytochrome-linked to anaerobic electron transport  in 
Propionibacterium freudenreichii was investigated as early as 1972 (Devries et al., 1973) and 
compared to electron acceptors other than Fe (III) (Kieft et al., 1999). The study determined 
that enzyme Cytochrome b, was therefore involved in the anaerobic electron transport from 
glycerol-1-phosphate to fumarate (reaction observed in anaerobic glycolysis).   
It has been shown that c-type cytochrome acts as endogenous electron carrier from acetate 
oxidation to Fe (III) inside the outer membrane of Geobacter sulfurreducens (Seeliger et al., 
1998, Lloyd et al., 1999). Understanding these processes and genes responsible makes it 
possible to improve selection procedures for selection of electrochemically active bacteria 
(Liu et al., 2008) and the genetic engineering of bacteria incapable of producing electricity, 
such as E. coli (Yong et al., 2013).  
Chemical reactions responsible for electricity production in bacteria capable of direct electron 
transport such as Geobacter species may also be linked to production of exogenous electron 
mediators.  It was also proposed that G. sulfurreducens releases c-type cytochrome, as the 
extracellular shuttle, into the extracellular environment in order to promote the reduction of 
insoluble Fe (III) oxide (Lloyd et al., 2003). More recently an in vivo method to detect the 
orientation of c type cytochromes of outer membrane cytochromes via analysis of electron 
transfer reactions between these enzymes in S. odeniensis (Gescher et al., 2010) and role of 
periplasmic triheme c-type cytochromes of PpcA family in electron transfer (Dantas et al., 
2013).  
2.9 Applications of Electrically Active Bacteria in Microbial Fuel Cell (MFC) 
and Microbial Electrolysis Cell (MEC) Technology 
 
The use of bacteria capable of direct electron transfer is particularly effective in microbial fuel 
cells (MFCs), since it saves the cost of replacing electron mediators in the electrolyte 
solution. A simple fuel cell device capable of harnessing low-level power for long periods of 
time could be built from cheap materials, excluding the cathode. Examples of such devices 
are sediment MFCs, which consist of an anode electrode embedded in anaerobic sediment 
and a cathode electrode suspended in aerobic water column above the anode electrode and 




An ion exchange membrane is not necessary in sediment MFCs, because the decreasing 
oxygen gradient over the depth of water and sediment columns creates the necessary 
potential difference naturally (Angenent et al., 2007). This however does not mean that 
mediators are completely redundant. A carbon cloth anode with permanently immobilized 
mediator can be used in continuous flow microbial fuel cells (MFCs) to improve carbon cloth 
anode conductivity. Studies involving small scale MFC designs with immobilized neutral red 
(NR) showed 1000 fold increase in power density for Shewanella putrefaciens, although also 
capable of direct electron transport (Park and Zeikus, 2002). It has also been reported that 
bacterial nanowire could facilitate the electron transfer to the solid Fe (III) in the electron 
acceptor deficient conditions (Loveley et al., 2004, Lovley, 1997, Childers et al., 2002, Lovley 
et al., 2002), which may allow to use wastewater without electrolyte added to it to increase its 
conductivity (Xu et al., 2013). This is important for removal of contaminant heavy metals in 
soils and wastewaters (Aralp et al., 2001, Lee and Kim, 2010, Sekomo et al., 2012).  Fe (III) 
reducing bacteria were shown to be the most useful in the removal organic contaminants 
from wastewaters, due to their ability to degrade a wide variety of organic materials (Loveley 
et al., 2004, Lovley, 1997, Childers et al., 2002, Lovley et al., 2002). 
2.10 Electrochemically Active Anodic Biofilm Overview  
2.10.1 Microbial Groups within Mixed Electrogenic Biofilm  
 
The term biofilm refers to bacteria growing in the anode chamber of microbial fuel cell (MFC) 
or microbial electrolysis cell (MEC) capable of converting fermentable substrates 
carbohydrates,  lipids or non fermentable substrates (volatile fatty acids)  into electricity (Lee 
et al., 2008, de Carcer et al., 2011). Microorganisms can be viewed as existing in planktonic 
for (i.e. they are floating free in solution) or sessile (attached to the surface) states (Davey 
and O'Toole G, 2000).  The development of enriched electrochemically active biofilms has 
successfully demonstrated a capacity to remove organic compounds whilst also being able to 
generate electricity. More complex and fermentable substrates were shown to produce 
different and more complex microbial profiles (Lee et al., 2003). It has been further observed 
that loosely associated bacterial clumps within the anode biofilm can form when MFCs are 
fed with fermentable substrate. DNA analysis via denaturing gel electrophoresis (DGGE),        
(where chemicals are used to denature DNA as it moves across an acrylamide gel) has 
shown that these clumps consist of community profiles distinct from the main body of the 
anode biofilm (described in “Offline Analysis Methods” section 4.8 in greater detail). It has 
been suggested that the clumps functionally act to ferment complex electron donors to 
produce volatile fatty acids that can be utilized by the electrochemically active bacteria (EAB) 




The view that fermentative processes are not competing with anodophiles but facilitating an 
energetically favorable syntrophic association was examined by looking at electron fluxes 
associated with glucose conversion pathways. It was found that the majority of glucose is first 
converted to hydrogen and acetate but electron flow to the anode could be lost to other 
electron sinks such as:- bacteria in mixed microbial culture which are not chemically active 
(Logan et al., 2008), residual organic acids (Lee et al., 2008) and methanogenesis (methane 
production by archaea) (Freguia et al., 2008).  
2.10.2 Biofilm Development on the Anode Surface 
The process of bacterial biofilm attachment to the carbon anode surface can bring 
physiological and genetic changes in the biofilm (Shen et al., 2013) and is the most 
preferential form of growth (Zobell, 1943). A key feature of all biofilms is the production 
exopolymeric substances (EPS), which facilitates bacteria to form muticellular structures 
which provide protection from many environmental stresses, such as:- temperature; pH 
changes (Yuan et al., 2011); antibiotics (Wen et al., 2011) and other nitrogenous heterocyclic 
compounds (Hu et al., 2011) found in wastewater in the form of sulfa drugs, disinfectants; 
high shear rates (Shen et al., 2013); low nutrient stress (Modin and Wilen, 2012) and drying 
(Ahn et al., 2014).  The development of biofilm  depends on constituent microbial species and 
different environmental conditions  and can be broken down into 3 stages (Matos and Lopes 
da Silva, 2013). 
 
i) Prior to the attachment of microorganisms, the anode surface is conditioned due 
to the adsorption of macromolecules such as proteins, polysaccharides, 
glycoproteins and humic acids. This was demonstrated by an investigation into the 
kinetics of conditioning biofilm layer formation on stainless steel sheets immersed 
in seawater (Compère et al., 2001). The initial adhesion of bacteria to the surface 
is driven by short range Van der Waal forces and facilitated through expression of 
specific adhesion receptors, such as hair like appendages found on the surface of 
many bacteria referred to as pilli and fimbriae (Busscher et al., 1992).  The 
expression and presence of these adhesion receptors in different bacterial groups 
dictates the bacterial colonization process. Bacteria that can undergo direct 
electron transfer (members of Geobacteriaceae family) produce these pilli 
appendages and are known to produce high power densities.  
 
ii) Once a biofilm is established, it may then continue to colonize a surface through a 
number of mechanisms such as bacterial motility, binary division of microbial cells 
and the possible adsorption of cells into the biofilm from the planktonic phase. The 
way these mechanisms develop and how they are controlled determines the 
biofilm structure during this stage of development.  
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iii) The final step is irreversible bacterial attachment, where bacterial cells develop 
into a mature electro-facilitating biofilm is the production of extracellular polymeric 
substances (EPS). This matrix is made up of proteins, DNA from dead bacteria 
and polysaccharides, which can all act to maintain the structural and 
organizational components of the biofilm (Hall-Stoodley et al., 2004).  
 
The matrix composition and rates of EPS production will thus determine how much current is 
produced by the mature biofilm; this again depends on the types of microbial species present 
and environmental factors such as pH and temperature. Other mechanisms apart from 
exocellular matrices can conduct electricity produced by electrochemically active bacteria. 
Conductive reticular / extra-cellular activity is also possible through syntropic direct electron 
transfer between members of the biofilm consortium (Summers et al., 2010). The connection 
between the overall conductivity of the biofilm matrix and the ability of the anode respiring 
bacteria to produce high current densities was established as being of critical importance in 
MFC systems (Torres et al., 2010) and follows work that has established links between anode 
biofilm development and MFC performance (Ramasamy et al., 2008). To achieve maximum 
current density, for MFC or MEC with electrochemically active biofilms, non conductive EPS 
matrix bacteria should be in direct electrical contact with the solid electrode to enable efficient 
electron transfer, preferably as a cellular monolayer. Most anodic biofilms are complex 3-
dimensional structures of >50 µm thickness  and can take up to 6 months to form (Reguera et 
al., 2006). This has been demonstrated by real-time imaging of anode biofilms which show 
that the most active cellular respiration is associated with microorganisms in close proximity 
to the anode interface (Franks et al., 2009). However, the generation of high current densities 
requires deeper electrogenic biofilm development that would require respiratory activity to be 
undertaken via more remote electron transfer mechanisms to the anode. It could be 
suggested that in the near future the research will focus on engineering biofilms containing 
bacteria capable of both direct (to the anode surface via conductive pilli) and indirect (from 
outer layers to inner biofilm layers via self produced mediators) electron transfer. 
 
In order for microorganisms to act as effective biocatalysts in microbial fuel cells (MFCs) and 
microbial electrolysis cells (MECs) it is necessary to use a conductive anode electrode as the 
terminal electron acceptor to drive cellular catabolism. A material of choice is either carbon 
cloth or carbon mesh as poor attachment of bacteria to metals is reported (Dumas et al., 
2007). Various methods have been used to improve carbon anode conductivities ranging 
from immobilizing mediators (Park et al., 2000) to treatment with metal particles (Lowy et al., 
2006, Lowy and Tender, 2008), described in “Comparison of Different Microbial Fuel Cell 




2.11 Advantages of a Diverse Mixed Culture Biofilm  
 
Many different species of bacteria have been shown to be electrochemically active, reports 
generally concur that pure culture microbial fuel cells (MFCs) produce less power than mixed 
culture systems (Logan, 2009). For comparison purposes for a MFC with mixed culture grown 
from wastewater produces the peak power density Pmax=766 mW m-2 (Cheng et al., 2006b)  
compared to Pmax=77 mW m-2, for pure Pseudomonas aerginosa (Rabaey et al., 2005a) and 
Pmax=13 mW m-2, for pure Geobacter sulfureducens (Bond and Lovley, 2003).  There are 
however exceptions because higher power densities have been reported using pure cultures, 
experiments have been carried out under specific conditions i.e. using G. sulfurreductans an 
MFC that used a ferricyanide catholyte and a cathode surface area eight times larger than 
that of the anode produced more power using a pure culture (1.9  W m-2) compared with a 
mixed culture (1.6  W m-2) (Nevin et al., 2008). If however these conditions, such as pH and 
temperature are not kept exactly the same mixed microbial cultures perform better and 
changes in pH and temperature are likely to fluctuate if the process is to be scaled up. This 
would seem to indicate that electrogenic biofilms are able to utilize and structure the networks 
of biofilm electron transfer mechanisms (previously described in “Electron Transport 
Mechanisms“ section 2.8) to produce these higher power densities, this has been shown to 
be achieved through the reduction in the internal resistance in mixed culture biofilms (Watson 
and Logan, 2010).  
 
However even more important to the successful operation of MFCs and MECs is the capacity 
to breakdown complex substrates (i.e. food waste materials in water) containing lipids, 
carbohydrates and proteins converted into volatile fatty acids (VFAs) by one species of 
bacteria and VFAs converted into CO2 and water by another. This was demonstrated, in 
MFCs, by LaPara et al (2002) who subjected a wastewater community to decreasing nutrient 
concentrations. This resulted in maintenance of functionality but it was found that redundant 
populations were eliminated. Decreasing microbial diversity is also linked to a decreased 
community stability and functional resilience to perturbation events (Girvan et al., 2005). 
Comparison studies between pure and mixed cultures were performed for MECs (Call et al., 
2009b) and no new publications to the knowledge of the author have been published since 
then. That study compared hydrogen production rates for pure hydrogen utilizing 
exoelectrogenic bacterium (Geobacter sulfurreducens) to both a nonhydrogen oxidizer 
(Geobacter metallireducens) and a mixed microbial consortium. At an applied voltage of 0.7 
V, both G. sulfurreducens and the mixed culture generated similar current densities (ca. 160 
A m-3), resulting in hydrogen production rates of ca. 1.9 m-3 H2 m-3 day-1, whereas G. 
metallireducens exhibited lower current densities and hydrogen production rates of         
110±7 A m-3 and 1.3±0.1 m-3 H2 m-3 day-1, respectively.  
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The MEC with the mixed consortium achieved the highest overall energy recovery (energy 
produced from the biomass relative to both electricity and substrate energy inputs) of 82±8 % 
compared to G. sulfurreducens (77±2 %) and G. metallireducens (78±5 %). When the voltage 
applied was decreased to 0.4V,  methane production from the mixed culture increased from 
1.87 cm3  to 6 cm3 (calculated from methane percentages and total gas volumes produced). 
However the actual amount of energy recovery from  produced methane decreased to 38±16 
% compared to 80±5 % for G. sulfurreducens and 76±0 % for G. metallireducens. Previous 
studies also support these findings and also suggests that mixed bacterial consortium 
produces more hydrogen and allows higher energy recovery than pure culture but 
methanogenesis (methane production from hydrogen by archaea in mixed consortium) can 
also develop causing hydrogen production to decrease (Zhang et al., 2012b). Voltages above 
0.7 V are possibly inhibitory to archaea, which explains low methane production at voltages of 
0.7-0.9 V (Van Eerten-Jansen et al., 2013). 
2.12 Effect of Environmental Conditions on Electrogenic Activity in Biofilms 
 
Operational environmental conditions such as substrate type (eg: acetate, butyrate or 
glucose), substrate concentration, temperature, pH, anode architecture, buffering 
capacity/conductivity and flow rate will all effect anodic / MFC or MEC performance (Feng et 
al., 2008) and the potential power densities achievable from the MFCs. This is directly related 
to the anode (Eq 5 and Eq 14) and cathode electrode potentials (Eq 8 and Eq 19) and subject 
to parameters set by the Nernst Equation (Eq 1) (Thauer et al., 1977) and overpotentials 
(discussed  in  “Performance Inhibitors in Microbial Fuel Cells (MFCs) and Microbial 
Electrolysis Cells (MECs)”, section 2.16), which also have a direct effect on the internal 
resistance. Even though each of these factors will have a direct influence on the 
electrochemically active biofilm activity and all parameters may also exhibit a degree of 
operational interdependency. 
2.12.1 Operation of Microbial Fuel Cell (MFCs) and Microbial Electrolysis Cells 
(MECs) at Thermophilic, Mesophilic and Psychrophilic Conditions 
 
The effects of temperature on MFC operation have been previously reported to have a direct 
effect on electrochemical processes (Moon et al., 2006) and hydrogen production in MEC 
(Omidi and Sathasivan, 2013). This can be directly observed when MFC reactors are run at 
ambient temperatures where cell voltages have been reported to cycle up and down with the  
temperature fluctuations (Ahn and Logan, 2010, Kim et al., 2010). The system constraints 
usually considered are cathode and / or anode size and distance between the anode and the 




Other, not so obvious factors that also have to be considered are how electrode 
configurations in MFCs influence voltage production and power generation through the 
conversion of electrons in biomass to electricity. The percentage recovery of electrons, 
termed as the coulombic efficiency (CE), can often achieve levels of 70 %, for MFC systems, 
when non fermentable substrates such as acetate, butyrate or propionate are used (Kim et 
al., 2009a, Liu et al., 2005b). Low CEs reflect the activity of alternative electron sinks such as 
those used in archaea (converting metabolic energy obtained from acetate oxidation and/or 
hydrogen into methane) and bacteria that do not produce electricity,  competing for substrate 
with electrochemically active bacteria and non-electrogenic metabolic pathways being utilized 
by electrochemically active bacteria on the anode biofilm and in planktonic microbial 
populations (Lee et al., 2008). Since conventional anaerobic digestion (AD) does not 
optimally operate at psychrophilic temperatures (15 ± 5 oC), if MFC or MEC is used as a part 
of hydrogen fermentation – either as part of MFC or MEC 2 stage system psychrophilic 
conditions are likely to be used to decrease losses via archaeal methanogenesis which is 
limited at psychrophilic temperatures.  
 
When AD systems are subjected to sub-mesophilic conditions methanogenic AD 
efficiency/activity typically decreases with the resultant elevated production of volatile fatty 
acids (VFAs); however it has been demonstrated that AD systems may also be adapted to 
operate at both high temperatures and low temperatures through long-term reactor 
acclimatization (McHugh et al., 2006). MFCs and MECs have also been shown to operate 
and produce electricity over a range of thermophilic (55 ± 10 oC), mesophilic (30 ± 15 oC) and 
psychrophilic (≤15 oC) operating conditions (Cusick et al., 2010, Logan et al., 2011, Jadhav 
and Ghangrekar, 2009). A similar experiment to the experiment designed by Jadhav and 
Ghangrekar (2009) investigated performance of single chamber MFCs in greater detail at 
operational temperatures 10 °C, 20 °C and 35 °C was performed by Michie et al (2011).  
i) Operation in MFCs and MECs at Thermophilic Conditions  
 
As in AD systems MFC operation at thermophilic temperatures can provide advantages in 
terms of increased rates of enzymatic activity and pathogen removal when compared with 
lower temperature systems (Suryawanshi et al., 2010). A few studies have looked at high 
temperature MFC operation and demonstrated that MFCs can be operated effectively at 
temperatures of 45 - 60  oC with power densities of 375 mW m-2 (Jong et al., 2006, Carver et 
al., 2011) but MFC design was seen to be a potential issue due the increased rates of 
evaporation at higher operational temperatures. It was determined that 50% predominance of 
Firmicutes thermicola strains occurred in thermophilic current producing MFCs (Wrighton et 





The advantages of increased enzymatic activity at thermophilic temperatures also apply to 
MECs. A study on hydrogen production in thermophilic environments showed that hydrogen 
production rates  of 0.63 m3 H2 m−3 was observed at currents of 1.1 A m−2  when a  
biocathode in electrolyte containing acetate as substrate (Croese et al., 2011). The bacterial 
population consisted of 46 % Proteobacteria, 25 % Firmicutes, 17 % Bacteroidetes, and 12 % 
various mesophilic phyla unlikely to survive in thermophilic conditions for prolonged time 
periods.  The high effiencies  of substrate converted into electricity (coulombic efficiencies, 
CEs), calculated from current in the reactors, for both MFCs and MECs (from 85 % to 97 %) 
(Marshall and May, 2009, Croese et al., 2011) would seem to suggest that there was little 
alternative metabolic competition for electrons in these communities at thermophilic 
conditions. The only problem with this approach would be the amount  of energy needed to 
be used to heat the reactors (Lubken et al., 2007).  
ii) Operation of in MFCs and MECs at Mesophilic and Psychrophilic Conditions 
 
A number of studies have looked at low strength wastewater treatment at ambient and 
mesophilic temperatures (21 - 35 oC), but since most waste treatment systems in temperate 
climates work and discharge effluents at temperatures lower  than this (10 - 20 oC) these 
processes would still require a significant input of energy as heat, but not as much as 
thermophilic systems (Lettinga et al., 2001). More recently the performances of two double-
chamber microbial fuel cells (MFCs) were examined at 25 °C and 15 °C (Liu et al., 2013b) 
and performance of single chamber MFCs at operational temperatures 10 °C, 20 °C and     
35 °C was compared (Michie et al., 2011). Sediment MFCs, for example, were been for in situ 
operation in marine sediments at room temperature (22 ± 1 °C). They are able to generate 
electricity from anaerobic anode respiring bacteria, which grow within the sediment. 
Microorganisms of the family Geobacteraceae have been isolated from electrodes in marine 
sediment fuel cells (Bond et al., 2002). This family of bacteria are also commonly found in 
mesophilic MFC and MEC anodic biofilms (Logan and Regan, 2006), where Geobacter 
species have often been identified as the dominant electrochemically active bacteria. Two 
psychrotolerant Geobacteraceae strains (A1 (T) and A2) grow over a range of 4 °C to 30 °C 
have also been isolated from these types of sediment MFCs (Holmes et al., 2004), however 
adaptation and change of the ARB communities derived from mixed culture biofilms at 
different temperatures has not been studied in detail. A similar approach could be used to 
build scaled up MECs with sediment anode submerged in large container with cathode 





The capacity to run MFC and MEC reactors at temperatures of 10-20 oC reduces the 
operating costs by eliminating the power input needed for heating. At psychrophilic conditions 
there is a real potential for MFCs and MECs to be an economically viable alternative to 
conventional aerobic processes in temperate sewage treatment operations. Psychrophiles, 
that only grow at temperatures below 10 oC, and psychrotolerant bacteria, that can grow at 
less than 20 oC but have optimal growth temperatures of greater than 20 oC, have both been 
found in a wide variety of natural and processed environments e.g. wastewater, soil and 
sediment (Morita, 1975). In these habitats cold adapted biofilm communities can consist of a 
diverse range of archival and bacterial populations and this observed variability might also 
include transitions between different thermal types. Indeed it has been found that bacteria 
isolated from cold boreal ground waters (4 oC) may be predominantly psychrotolerant 
(Mannisto and Puhakka, 2002). This suggests there is an inherent adaptability of cold tolerant 
microorganisms to mesophilic environments and a capacity for growth over a wide 
temperature range.  
2.12.2 pH Effects on MFC and MEC Operation 
 
pH is another important parameter in the operation of MFC and MEC reactors, as the 
chemical formation and movement of protons from the anode to the cathode is integral to 
system operation. The Nernst Equation (Eq 1) shows that each pH unit change across a cell 
membrane represent a potential loss (overpotential) of 60mV through the development of 
high anodic equilibrium potentials (Rozendal et al., 2006a). In dual chamber MFC and MEC 
systems He et al (2008) found that reducing the anode chamber to pH 5 also reduced the 
current density 10-fold. The pH gradient losses are discussed in “Performance Inhibitors in 
Microbial Fuel Cell (MFCs) and Microbial Electrolysis Cells (MECs)“, section 2.16 in greater 
detail. Anodic pH particularly important because it can rapidly drop due to the formation of 
acidic products by fermentative metabolism, but it has also been reported that even if low pH 
values cause a reduction in power production, this power can again recover if the pH is again 
re-adjusted to 7 (Ren et al., 2007). The optimal operational pH level in an air cathode MFC 
system was found to be pH 6.5 by (Jadhav and Ghangrekar, 2009), and when MFC anodes 
were run for a period of time at pHs 4, 5, 6 and 7 in dual chamber MFCs (Zhang et al., 2011a) 
reported that operation at pH 6 only reduced by maximum power density (Pmax) by 0 %, and 
voltage production 8 % and pH 5 reduced (Pmax) by 32 % and voltage by 16 %. pH can also 
have a direct effect on the respiratory activity of electrochemically active biofilm and it has 
been demonstrated that this can be a particular concern in anodic biofilms where the build-up 
of protons due to mass transfer limitations can lead to significant localized drops in pH close 
to the electrode (Torres et al., 2008). It was shown that bacteria such as Shewanella species 




2.13 Substrates used in Microbial Fuel Cells (MFCs) and Microbial Electrolysis 
Cells (MECs) 
 
The most commonly  used substrates are acetate (Kim et al., 2009b, Liu et al., 2005b), 
glucose (Logan et al., 2009b, Kim et al., 2010), lactate (Ringeisen et al., 2006) and cellulose 
from non woody plants (Logan et al., 2009b). Acetate, in particular, has produced the 
highest reported voltages in MFCs (Logan et al., 2006). Electricity could also be produced 
from other components found in wastewater such as antibiotics eg:- penicillin – glucose 
mixtures where used as substrate (Wen et al., 2011). Wen’s study reported a maximum 
power density Pmax, (see “Electrochemical Analysis Methods”, section 4.7 for details and 
calculations for Pmax) for 1 g L−1 glucose + 50 mg L−1 penicillin (101.2 Wm−3) was 6-fold 
higher than the sum of that for 1 g L−1 glucose (14.7 W m−3) and 50 mg L−1 penicillin         
(2.1 W m−3) as the sole substrate.  
 
The maximum current density with 50 mg L−1 penicillin (10.73 A m−2) was 3.5-fold greater if 
compared to that without penicillin (3.03 A m−2). MFCs are capable of converting a wide 
variety of organic wastes other than fatty acids (Pant et al., 2010) ranging from benzene 
(Wu et al., 2013a),  xylose (Catal et al., 2008) and other humic acids  (Huang and 
Angelidaki, 2008), starch (Niessen et al., 2004b) to industrial azo dyes (Li et al., 2010b) 
(see Table A-1.1 in “Appendix A1” section 9.1).  
 
Carbon dioxide is the carbon source for photosynthetic algae, such as Chlorella vulgaris 
(Feng et al., 2010a). A photosynthetic MFC produced a voltage output of 610±50 mV, at 
1000 Ω resistance and maximum power densities increased from 4.1 W m-3 to 5.6 W m-3, 
see Table A-1.1 in “Appendix A-1” section 9.1.   
 
Acetate is most common substrate for MECs (Table A-1.2 in “Appendix A-1” section 9.1) 
Acetate and butyrate mixtures are the most common waste products of hydrogen 
production via dark carbohydrate fermentation (Hawkes et al., 2007, Jung et al., 2011) and 
therefore MECs can be used to treat hydrogen fermentation effluent. Acetate also has the 
highest power densities reported in MFCs (Logan, 2008) and the highest reported amounts 
of hydrogen produced in MECs compared to other substrates (Cheng and Logan, 2007a). 
Other VFAs, such as butyrate and propionate and carbohydrates, cellulose, sucrose and 
glucose have been  used as substrates  in MECs as well, with hydrogen yields of up to 8 






2.14 Comparison of Different Microbial Fuel Cell (MFC) and Microbial 
Electrolysis Cell (MEC) Designs 
 
An ideal microbial fuel cell (MFC) must produce current while sustaining a steady voltage and 
an ideal microbial electrolysis cell (MEC) must have stable hydrogen production as long as 
the substrate and voltage is supplied.  Some limitations with MFC or MEC performance arise 
from the design (cathode and anode surface areas) or charge transport through the 
electrolyte solution in the anode chamber (see “Performance Inhibitors in Microbial Fuel Cells 
(MFCs) and Microbial Electrolysis Cells (MECs)” section 2.16 for details) and/or the choice of 
electron acceptor at the cathode.  In order to understand the design limitations it is important 
to understand how the anode and cathode work, and what improvements have to be made in 
order to engineer practical systems for bioenergy production at larger scales. Ideally these 
improvements should decrease the cost of production whilst increasing the performance of 
the reactor.  Tables A-2.1-A-2.7 in “Appendix A-2” section 9.2 show that more research has 
been put into improving the anodes and cathodes used in MFCs rather  than specifically in 
MECs.  
2.14.1 Comparison of Different Anode and Cathode Designs for Microbial Fuel 
Cells (MFCs) 
i) Introduction Comparison of Different Anode Designs for MFCs 
 
In an MFC, the anode acts as an artificial, external electron acceptor for the microorganisms 
thus most improvements are focused on making the anode surface more conductive (Park 
and Zeikus, 2002) and increasing the anode surface area (Rabaey et al., 2005b). The most 
important performance indicators for MFCs are voltage, the relationship between the current 
produced by MFC and percentage of substrate removed by the bacteria (i.e. coulombic 
efficiency or CE) and the maximum power produced by the reactor. The power is typically 
calculated per unit area or unit volume of the anode or cathode (in W m-2 and in W m-3, see 
“Electrochemical Analysis Methods” section 4.7 for details and calculations) and the highest 
value is referred to as the maximum power density (Pmax). However other factors that may 
have an influence of MFC performance, such as the methodology used to prepare growth 
media for the bacteria, microbial culture and substrates, all of which may vary between 
different research groups. Ideally the designs have to be explicitly described and a 
benchmark design and microbial culture for MFC or MEC has to be used to be able to 






Most MFC studies have been limited to the laboratory scale mainly because of their low 
power densities when applied in larger scale deployment. Higher power densities, such as 
68.4 W m-3 (compared to cathodic wet volume) were reported for smaller MFCs with 40 cm3 
or smaller anode chambers (You et al., 2009), but as the size of the device is increased there 
will be loss in the performance due to charge transport losses in larger electrolyte volumes. 
Described in “Performance Inhibitors in Microbial Fuel Cells (MFCs) and Microbial 
Electrolysis Cells (MECs)” section 2.16 in greater detail. The highest maximum power density 
(Pmax) 1010 W m-3 was reported in the literature for an MFC with air cathode compared to the 
anode chamber size at a current density of 0.9 mA cm-2 was obtained (Fan et al., 2007) for 
MFC with ≈ 12 cm3 anode chamber. An two chamber MFC containing ferricyanide as an 
electron acceptor instead of oxygen can produce a maximum power density up to 500 W m-3 
(anode chamber vol. 1.18 cm3) on micro scale with Shewanella oneidensis DSP10 in a 
growth medium with lactate (Ringeisen et al., 2006). One of the highest voltages reported for 
MFC was an open circuit potential (OCP) 1.05±0.05 V, for MFC with anode modified with 
Fe/ferric oxide, compared to OCP values usually observed in literature, within the range of 
0.70±0.05 V (Fu et al., 2014). This design achieved maximum power density (Pmax)              
7.4 × 10−2 mW cm−2 compared to anode (4 cm × 4 cm × 2 cm) in tubular  MFC with 3L anode 
chamber (17.4-fold higher than that of the plain graphite,  for tubular MFC with granular 
graphite anode.  
 
A larger version of this MFC design was built in 2008 (Rabaey et al., 2005b, Logan, 2010). It 
has a volume of approximately 1 m³ and consists of 12 modules. Carbon fiber anodes and 
cathodes are used, based on a brush design. In a second phase, 12 additional modules with 
varying designs will be constructed. A more recent study reported maximum power density of  
23.8 W m−3 was observed between 25±2 oC (Zhu et al., 2013) for single chamber MFC with 1 
L anode chamber volume. This reactor has an advantage because it does not have a cathode 
soaked in potassium ferricyanide which has to be replaced (Logan, 2008, Rabaey et al., 
2005b) and was aimed towards removal of organics from wastewater than electricity 
generation. A higher power density of 90 W m-3, was reported for a smaller “semi pilot scale” 
sized MFC with a single 560 cm3 anode chamber (Table A-2.2 in “Appendix A-2” section 9.2) 
was where maximum power density was calculated per anode chamber unit volume (Rabaey 









ii) Comparison of Different Anode Designs for MFCs  
 
Porous carbon materials have the largest surface areas and, theoretically, can accommodate 
the most exoelectrogenic bacteria, but an MFC with graphite plate anode containing pure 
Shewanella oneidensis (MR – 1) has a reported  power density of 1410 mW m-2 anode 
surface area (Dewan et al., 2008), compared to 893 mW m-2, anode surface area, 45 W m-3  
anode chamber volume, for MFC with carbon mesh anode  containing a unidentified pre 
acclimated mixed bacteria culture from an active MFC, (Wang et al., 2009b). A lower power 
density of 27 W m−3 calculated on the volume of the anode chamber, or 661 W m−3 
calculated, on the volume of anode material, was also reported for Shewanella oneidensis  
(MR – 1) for flexible nickel - graphene foam anodes (Wang et al., 2013). 
 
Another option is to immobilize metal particles on the anode surface. An effective but costly, 
example of this  is a MFC design containing Pd or Au nanoparticle treated graphite disk 
anode that produced 50-150 % or 20 fold increase in the current density, for MFC containing 
Shewanella oneidensis MR-1. Again the apparatus and most importantly microbial culture 
variation between different research groups making it difficult to compare MFC with either  Pd 
or Au nanoparticle treated anodes. Relatively few researchers report on controlled 
comparisons (Lowy et al., 2006), for MFC (Table A-2.2 in “Appendix A-2” section 9.2), and 
(Cheng and Logan, 2007a), for MEC (Table A-2.5 in “Appendix A-2” section 9.2) thus making 
effective material comparative evaluations very difficult. 
 
Compounds such as anthraquinone-2,6-disulfonate (AQDS) and  1,4-naphthoquinone (NQ) 
have been added to  the liquid media  solutions containing nutrients and carbon substrate 
and  have  resulted in an 0.7 and 0.5 fold increase in kinetic activity (Lowy et al., 2006). 
These electron mediators however were not immobilized and therefore could represent an 
environmental risk if used in a continuous flow scaled up reactor and discarded with 
wastewater. However if these mediators were bonded into the anode material higher power 
densities might be seen. The highest, 1000-fold increase in power density (Pmax) mW, per 
anode surface area m2 was observed for an MFC that incorporated electron mediators into 
graphite electrodes (Park and Zeikus, 2003). Three new electrodes containing bound electron 
mediators including a neutral red (NR), covalently linked to woven graphite cloth anode,  Mn4+ 
graphite anode, both with Fe3+ solid graphite cathodes were developed. The maximum power 
densities (Pmax) were 5.32 mW m-2 (NR treated graphite anode), 788 mW m-2 (Mn4+ treated 
graphite anode), 0.65 mW m-2 (woven graphite anode, control), with current densities 





These results also imply that sewage sludge contain mixed culture with unique electrophilic 
microbes that transfer electrons the performance of which can be enhanced via immobilized 
mediators and that microbial fuel cells using the new NR or Mn4+ graphite anodes and Fe3+-
graphite cathodes may have commercial utility for producing low amounts electrical power 
whilst removing organic waste from wastewater. These experiments were performed on 
single chamber fuel cells composed of a rubber bunged bottle, a window-mounted cathode 
containing an internal, proton-permeable porcelain layer and an anode inserted at the centre 
by Park et al (1999). Another 10 fold increase in (Pmax), from 1 to 9.1 mW m-2  (NR treated 
anode) and 10.2 mW m-2 (Mn4+ treated anode) was reported by the same authors for MFCs 
containing Shewanella putrefaciens culture (Park and Zeikus, 2002) with the same design as 
in later 2003 publication, see Table A-2.2 in “Appendix A-2” section 9.2.  
 
From results in Tables A-2.1 and A-2.2 it’s possible to make following conclusions:- dye 
treated anodes for MFCs produce the same improvement in MFC performance as metal 
particle treated anodes. However the use of dyes such as neutral red (organic electron 
carriers such as NR are dyes) is cheaper and therefore could be used for scaled up systems 
for industrial applications. However if dyes are ejected into wastewaters in large amounts, 
this represents a serious potential problem (Franke and Franke, 1999). Dyes in wastewater 
prevent sunlight from reaching deep into the water killing algae and depriving fish of oxygen 
(Wang et al., 2005), so an efficient method has to be found for dye immobilization on the 
anode. Chemiadsorption could be used to immobilize the mediator on the activated carbon 
cloth anode surface for BES such as MFC or MEC for enhanced performance.  For textile 
wastewater treatment an integrated system consisting of a dye treatment tank, for MFC 
and/or MEC, and hydrogen fermenter connected to MFC and/or MEC, with dye treated 
anodes, and could also be a future of wastewater treatment technology that could be 
researched. 
iii) Introduction into Comparison of Cathode Designs for MFCs  
As previously mentioned in “Principles of Microbial Fuel Cell (MFC) Operation” section 2.4, 
the anode acts as an artificial, external electron acceptor for the microorganisms, in a MFC. 
The electrons travel through a resistor or a device that is to be powered, generating  
electricity until reaching the cathode. While the electrons travel through the circuit, the 
corresponding protons migrate to the cathodic compartment through a proton-exchange 
membrane to maintain charge neutrality (Logan, 2008).  At the cathode an electron acceptor 
(e.g., oxygen) is reduced by the electrons via the circuit and the protons via the membrane 




The cathode is the most challenging aspect of the MFC design due to the need to have a 
three-phase interface: air (oxygen) or another electron acceptor, such as ferricyanide, 
electrolyte solution (protons), and solid (electricity), so that protons and electrons in these 
three phases can meet at the same point (Logan et al., 2006). This boundary is called 3-
phase boundary (TPB), a zone where oxidation (loss of electrons) reaction occurs. It was 
previously shown that the cathode is more likely to limit power generation than the anode due 
to being limited to the amount of active sites on the catalyst surface (Rismani-Yazdi et al., 
2008). The electrochemical reactions in all MFCs are comparable but the kinetics and 
coulombic efficiencies may vary depending on the physical, chemical and biological operating 
conditions, see tables A-2.3 and A-2.4. When comparing power produced by these systems, 
it makes the most sense to compare them on the basis of equally sized anodes, cathodes, 
and membranes (Cheng et al., 2006a, Cheng et al., 2006b, Zhang et al., 2010).  
iv) Comparison of Cathode Designs for MFCs  
Platinum is considered to be the benchmark catalyst for oxygen reduction in MFCs, because 
of its electrochemical properties and as it is also the benchmark catalyst in chemical fuel cells 
(Rozendal et al., 2009b, Rozendal et al., 2009a). Despite its good oxygen reduction 
properties, many disadvantages are also associated with the use of platinum in BESs. These 
include cost and environmental impact. Platinum extraction from ore and the production of 
platinum containing cathodes is not considered environmentally friendly (Chassary et al., 
2005) and conflicts with the sustainable nature of BESs. There is also a high economic cost 
associated with the use of platinum as a catalyst, (Clauwaert et al., 2007b). Within this scope, 
replacing expensive cathode catalysts, like platinum, with cheaper materials and finding the 
suitable ion exchange membranes in order to maintain electro neutrality in the system form 
an important challenge of BES research.  
It is likely that platinum will be replaced by cheaper stainless steel (Table A-2.3) for use in 
industrially deployed units, which can produce power densities (Pmax) of up to 1610±56 mW 
m-2, for a cathode area of 7 cm2 (Zhang et al., 2010). The use of plain granular graphite with 
nanoscale pores (Table A-2.4), which can produce a power density (Pmax) up to 50 W m-3, per 
anode chamber (Freguia et al., 2007a) is another option to replace platinum. Another 
promising alternative is the use of biocathodes. (i.e. cathodes containing biocatalysts such as 
microbes or enzymes  (Duma and Minteer, 2006) instead of inorganic catalyst particles made 
from graphite fibre brush can produce 68.4 W m-3, but the cathode size and chamber volume 





Some of the most significant problems associated with use of biocathodes are reproducibility 
of results, time consuming determination of the optimal growth conditions for the bacteria, 
(particularly important if mixed cultures  are used)  and the requirement for a two chamber 
system, which may have higher capital and operational  cost then a single chamber system 
(Logan, 2008). The use of algae for example is a potentially effective approach to make a 
biocathode (Wu et al., 2013b) because these organisms can act as efficient in situ 
oxygenators, there by facilitating the cathodic reaction.  In this example the maximum power 
density of 24.4 mW m-2 was obtained. There are however factors like the requirement  for 
continuous illumination, which can shorten the algal lifetime and require additional equipment 
and energy requirement for continuous operation. These results demonstrate that intermittent 
illumination and cathode material-coated catalyst are beneficial to a more efficient and 
prolonged operation of MFC with Chlorella vulgaris biocathode. Although this is an important 
finding it is however hard to compare the performance of this MFC to other literature values 
as  the size of MFC, anode and cathode were  not specified in Wu et al (2013b). 
The use of immobilized enzymes on carbon cloth would  require  complex laboratory 
procedures and use of expensive reagents for the immobilization. This cost of could be 
avoided by the use of stainless steel or plain granular graphite instead (Selembo et al., 
2009a). The main challenge is to bring these technologies out of the laboratory and engineer 
practical systems for bioenergy production at larger scales (Logan, 2010).  Single chamber 
air-cathode microbial fuel cells (MFCs) hold great promise for many practical applications due 
to their simple configuration and their low operational cost and no recycling or chemical 
regeneration of the catholyte is required. Thus the overall  operation is simplified and smaller 
cell volume is achieved, thus a higher volumetric power density, can be achieved more easily 
(Fan et al., 2007).  
  
Another important and often overlooked part of MFC design, is the ion exchange membrane. 
It is important for the membrane to be permeable to hydrogen protons and to keep the liquid 
within the anode chamber (Rismani-Yazdi et al., 2008). In MFC systems a loss in the 
buffering capacity of the electrolyte is often observed, if an anion exchange membrane (AEM) 
is used instead of a cation exchange membrane (CEM), for example. This  results in a 
smaller voltage output and Pmax values observed for these systems (Kim et al., 2007a). Nafion 
is the most frequently used ion exchange membrane, however it transports other cation 
species (Na+, K+, NH4+, Ca2+, and Mg2+) that are typically 105 times higher than the proton 
concentration. Nafion, however, is not the perfect choice for the membrane. If other cationic 
species than protons, which are consumed in the cathode reaction, are transported across 
the membrane this will then  result in an increased pH in the cathode chamber and a 
decrease in the MFC`s performance (Rozendal et al., 2006a).  
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No solution to this problem has yet to be reported in literature apart from various ways to 
reduce this problem such as the use of cation exchange membranes (CEMs), as previously 
reported by Kim et al (2007a) and seems to be the best choice of membrane at the moment. 
2.14.2 Comparison of Anode and Cathode Designs for Microbial Electrolysis Cells 
(MECs) 
i) Introduction into Comparison Anode Designs for MECs 
 
In a MEC system, the anode acts as an electron acceptor for the bacteria and the electrons 
travel, through a low ohm resistor, to generate hydrogen when reaching the cathode from the 
corresponding protons which migrate to the cathodic compartment through a proton-
exchange membrane to maintain the charge neutrality of the system (Logan, 2008). MEC 
technology has potentially  the same limitations as MFCs. The fact that energy has to be 
applied to drive the process does not change the system limitations, such as the flow of 
hydrogen protons in the solution and the number of active sites on the cathode catalyst. The 
main difference, between two chamber MFC and MECs is the choice of membrane for the 
two chamber MEC. Different membranes were tested in two chamber MEC systems and the 
results indicate that AEMs performed better than CEMs in MEC systems (Table A-2.6). This 
is probably because the loss in the buffering capacity is not an issue for a continuous flow 
system where the electrolyte in the anode chamber is constantly replaced and system 
performance is measured according to the volume of hydrogen produced i.e.  more hydrogen 
indicates better performance. The most important performance factors for MECs are 
coulombic efficiency (CE), the efficiency with which charge (electrons) are transferred in the 
system facilitating an electrochemical reaction, hydrogen recovery (Y), the moles of hydrogen 
produced from the measured current, and hydrogen yield per mol of acetate utilized  can be 
compared to different anode treatments and configurations (Table A-2.5, also see 
“Electrochemical Analysis Methods” section 4.7 and “Offline Analysis Methods” section 4.8 for 
more details). One and two chamber MECs have similar anode configurations and any 
modifications to the anodes affect them in the same way.  These differences, however, have 
to be addressed when cathodic performance is discussed. In a two-chamber system, the 
cathode, electron acceptors (e.g., hydrogen protons) are reduced to hydrogen by the 
electrons via the circuit via the membrane (Rismani-Yazdi et al., 2008).  
 
In  MEC’s microorganisms are grown in the anode and the cathode is usually abiotic, if a  
precious metal catalyst is used. In a one chamber a MEC system the membrane is not used. 
This reduces the cost of buying a membrane and building a second chamber is avoided. The 
biggest problem with one chamber devices, however, is the build up of methanogens in the 
cathode compartment (Rader and Logan, 2010).  
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The solution to this problem may be to place the cathode above the anode, between the 
headspace and the aqueous phase, in a continuous flow system, where the substrate is 
quickly replaced (Guo et al., 2010).  Such system could be referred to as a single chamber 
with head space or a two -  chamber, membrane less system with gas cathode. 
ii) Comparison Anode Designs for  MECs 
 
Carbon is usually used as the anode material for MECs. Little research however has been 
done in perfecting the anode designs in MEC systems and since for example mediator 
treatments worked in MFCs,  there is no reason to why the same improvements would not 
work in MEC systems. Most research performed on MECs to date approaches MECs from the 
engineering perspective and very little research was done on investigating the actual 
processes that allow exoelectrogenic bacteria to produce hydrogen from acetate in detail.  For 
all MECs with platinated carbon cloth cathodes and that used acetate as substrate, unless 
stated otherwise, the hydrogen yields could be described as follows:-  
 
i) Carbon felt (cloth) 6.32 m3 m-3(anode) day -1 for two chamber MEC with gaseous 
cathode, with each chamber 50 cm3   in volume (Tartakovsky et al., 2009) 
 
ii) Ammonia treated graphite brushes  3.12 m3 m-3(anode) day-1; for single chamber 
MEC anode    28 cm3   in volume (Call and Logan, 2008) 
 
iii) Graphite granules, 1.58 m3 m-3(anode) day-1, CE =95 % for 300 cm3 single chamber 
MEC (Guo et al., 2010); 1.1 m3 m-3(anode) day-1,  CE=77 %, for two chamber  (14 cm3 
each) MEC operated on butyrate, (Cheng and Logan, 2007a); carbon cloth                        
0.69 m3 m-3(anode) day-1, CE=73 % for MEC with anode with surface area 9 cm2 
(volume not specified) (Hu et al., 2008) 
 
iv) Carbon foam   .	 .0 .	 
  m3 m-3(anode) day-1, current 
density 16.40 A m−2CE=60 % for two chamber MEC with each chamber 280 cm3 in 
volume (Sleutels et al., 2009b).  
 
These results show that increasing the surface area for exoelectrogenic bacteria on 
conductive matrix, increases  the MEC performance and other volatile fatty acids (VFAs) such 







A number of other design changes have been shown to improve hydrogen yields. Immobilized 
metal ions on the anode surface or in the substrate solution could be used  as electron 
carriers. The anode acts as artificial electron acceptor for anaerobic respiration, so any 
improvement in electron transport in solution and / or anode conductivity will result an 
increase in anaerobically respiring bacteria. Addition of iron hydroxide (Fe(OH)3) to the 
substrate was found to give  improved hydrogen gas production at the cathode, using mixed 
cultures and Geobacter sulfurreducens performance of MECs built from 100 cm3 single 
chamber MECs made from pyrex bottles, presumably by improving electron transfer from the 
bacteria to the anode (Ren et al., 2012). Fe(OH)3 addition to the feedstock in the anode 
chamber increased the maximum current density of both the mixed cultures (from      
6.1 ± 0.9 A m-2 to 8.8 ± 0.3  A m-2) and pure cultures (from 4.8 ± 0.5 A m-2  to 7.4 ± 1.1 A m-2). 
The hydrogen production rate increased from  23.2 ± 0.1 cm3 L-1(anode) day-1 to                      
26.5 ± 0.1 L-1(anode) day-1, for both reactorswith anode and cathode made from same materials 
with electrode dimensions of 4.5 cm × 2 cm. Improved current and hydrogen production was 
sustained even after iron was no longer added to the medium. It could be argued that anode 
with immobilized (Fe(OH)3) will have exactly the same effect on current density in MECs and 
hydrogen production as iron hydroxide in solution.  
iii) Comparison of Cathode Designs for Microbial Electrolysis Cells (MECs)  
 
The most commonly used cathode is platinum immobilized on carbon. For example, in a small 
2 chamber MECs, with each chamber of 12 cm3 in volume yield of 3.12 cm3 L(anode)-1 day-1,    
CE = 98% (Call and Logan, 2008) was achieved with Pt treated carbon cloth. A number of 
reports on improving cathode performance have been reported (see Table A-2.6), where 
carbon cloth with immobilized platinum particles was replaced with for example titanium 
meshes and stainless steel brushes. Stainless steel looks likely to replace platinum in the 
near future due to the cost of platinum. Some stainless steel alloys, such as alloy A 286, were 
more effective for hydrogen production than platinum giving 1.5 ± 0.04 cm3 L(anode)-1 day-1 
(Selembo et al., 2009a) or NiW coated carbon cloth 1.5 cm3 L(anode)-1 day-1, CE =73 % (Hu et 
al., 2009). MECs with stainless steel mesh cathodes are more scalable then MECs with 
platinum coated carbon cathodes (Table A-2.7). Other promising alternatives to platinum 
catalysts are nickel foam, stainless steel, and molybdenum disulfide (MoS2) and these were 
tested as substitute for platinum on a MFC with anode chamber 28 cm3 and cathode chamber 
34 cm3 (Ribot-Llobet et al., 2013) with cathode electrode 12 cm2 in size. Pt produced the 
highest volume of recoverable hydrogen gas (37.9 ± 0.5 cm3), followed by nickel foam        
(34.5 ± 0.8 cm3), with about the same amount of gas produced using either the MoS2        




The improvement of MEC performance goes beyond modifying cathodes and anodes. Such 
factors as cathode and anode arrangement in the MEC reactor have to be taken into 
consideration. A good example of this is a study by Gil Carrera (2011) that investigated the 
influence of anode and cathode size and arrangement on hydrogen production in a 
membraneless flat-plate microbial electrolysis cell (MEC). Two continuous flow MECs, MEC-1 
and MEC-2, were constructed with a series of nylon plates. MEC 1 had a 50 cm3 anodic 
compartment and MEC 2 had a 100 cm3 anodic compartment. The measurements of proteins 
produced by bacteria were used to evaluate microbial density in the carbon cloth anode. The 
protein concentration was observed to decrease with the increase in distance from the 
anode–cathode interface. Cathode placement on both sides of the carbon cloth anode was 
found to increase the current, but also led to increased losses of hydrogen to 
hydrogenotrophic activity leading to methane production (see “Performance Inhibitors 
Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs)” section 2.16 for details). 
Overall, the best performance was obtained in the flat-plate MEC with a two-layer 10 mm thick 
carbon cloth anode and a single gas-diffusion cathode sandwiched between the anode and 
the hydrogen collection compartments.   
2.15 Scaled up Microbial Electrolysis Cells (s - MECs) 
 
Only a few scaled up examples  for microbial electrolysis cells (MECs) have been reported to 
date. The reason for this is that this is a relatively new technology that still needs significant 
improvement to compete with existing commercial hydrogen or wastewater treatment 
systems. Studies conducted on large scale for a single chamber MEC (1 m3 in volume), 
revealed that even though it is a promising technology for urban and winery wastewater 
treatment (Cusick et al., 2011, Heidrich et al., 2013), the maximum gas production for this 
scaled up MEC was 0.19!±!0.04 cm3 L(anode)-1 day-1. Although most of the product gas was 
converted to methane (86!±!6 %) with only 14!±!6 % remaining as hydrogen. Several 
difficulties still need to be overcome in order to increase hydrogen recovery in MECs (see 
“Performance Inhibitors Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs)” 
(section 2.16) for details). For example, better methods will be needed to isolate hydrogen 
gas produced at the cathode. The results of the study by Cusick et al (2011) show that 
inoculation and enrichment procedures (choice of culture and growth conditions for mixed 
microbial culture promoting growth of electrochemically active bacteria) are critical to the 
initial success of larger-scale systems. Acetate amendments, warmer temperatures, and pH 
control during startup were found to be critical for proper enrichment of exoelectrogenic 




The ability of an MEC to treat real wastewater was assessed by Gil-Carriera et al (2013). A 
MEC consisting of two 2 L one chamber MEC modules was used to treat wastewater in a two 
stage process, combining hydrogen fermentation with microbial electrolysis cell. A H2 
production rate of 45 cm3  L-1(anode)  day-1  was reported (Gil-Carrera et al., 2013). Another 
report involved operating a 120 L microbial electrolysis cell was operated on site in Northern 
England for a period of over 3 months, converting domestic wastewater to produce hydrogen 
gas at a rate of 15 cm3 L-1(anode) day-1 (100 ± 6.4 %) (Heidrich et al., 2013). The reactor had a 
coulombic efficiency (CE), (the percentage of substrate converted into hydrogen) of 55 %. It 
was noted that improved hydrogen capture and reactor design could increase the 
performance levels substantially. Most importantly, these scaled up designs show that a 
'proof of concept' was made and microbial electrolysis technology is capable of energy 
capture as hydrogen gas from both vinery and low strength domestic wastewaters at ambient 
temperatures. 
2.16 Performance Inhibitors in Microbial Fuel Cells (MFCs) and Microbial 
Electrolysis Cells (MECs) 
 
There are a number of phenomena which can reduce the efficiency of MFC`s and MEC`s, 
these include for example cathode methanogenesis, pH and gradient losses  
2.16.1 Cathodic Methanogenesis in MECs 
 
Cathodic methanogenesis refers to production of methane by archaea. Methanogenesis is a 
significant problem, because methanogenic archaea compete for the acetate substrate with 
exoelectrogenic bacteria species under anaerobic conditions (Wang et al., 2009a). 
Methanogens also consume hydrogen, in hydrogenotrophic methanogenesis: 
 
4H2 (g) + CO2 (g) → CH4(g) + 2H2O(l) Eq 29      
 
The other form of methanogenesis converts acetate into methane (acetoclastic 
methanogenesis),  
   
H3CCOO- + H+ → CH4(g) + CO2 (g) Eq 30 
 
A number of studies show that the increase in methane concentration in MEC cells was 
accompanied by the consumption of hydrogen and carbon dioxide, which indicated that 
hydrogenotrophic methanogenesis was involved in the microbial electrolysis cell (Tartakovsky 
et al., 2008, Rozendal et al., 2008b). No evidence of acetoclastic methanogenesis was 




In mixed biofilms,  acetate oxidizing electrochemically active bacteria (EAB) in microbial fuel 
cell (MFC) or microbial electrolysis cell (MEC) will out-compete the acetoclastic methanogens 
present but not hydrogenotrophic methanogens in MECs, (Parameswaran et al., 2011).  
 
As most methanogens are strict anaerobes (Koizumi et al., 2003), a way to reduce this 
problem is to periodically bubble oxygen in small volumes, through the anode chamber, which 
selects towards facultative anaerobes, such as Sewanella species, which are capable of 
producing electricity in their anaerobic respiration  (Kim et al., 2009b).  
 
2.16.2 Transport and pH Gradient Losses 
 
Performance of BES’s is assessed via the comparison of actual performance to the ideal 
theoretical performance. Where the ideal performance refers to the way BES performs 
without pH gradient, ionic and mass transport limitation or cathodic and anodic overpotential 
losses. The ideal total hydrogen production volume in a MEC, for example, takes place where 
the number of moles of hydrogen recovered is the same as the maximum number of moles of 
hydrogen produced from the reduction in acetate concentration. 
 
Actual performance is typically lower than the ideal performance because of the potential 
losses. A simplified version of what happens is described by the following equations, based 
on the approach by Sleutels et al (2009b). The wide range of chemical losses occurs 
because of the different current densities used in each study, different biofilm anode 
composition, different biofilm thickness, donor concentration, pH, electrode material, 
electrode distance and the membrane type used  (Torres et al., 2008).  
 
The most important losses are: 
 
i) pH gradient losses refer to flow of H+ protons from low to high pH areas. 




RT ln (10(pHcathode - pHanode) ) =
F
RT ln(10(7-7)) = 0 Eq 31 
 
Where RT/F is a constant equivalent to 25.693mV and EΔpH  = 0, is a pH gradient loss when 
the pH in the cathode chamber is the same as that in the anode chamber. The problem with 
cathodic methanogenesis that could also be also reduced by keeping the pH in the cathode 





ii) Ionic losses refer to electrolyte resistance that is related to concentration of 






1 ) Eq 32  
 
Where Iions is the flow of ions (Am-2) and Ranode and Rcathode are anode and cathode resistances 
(ohms). 
iii) Transport losses refer to movement of ions in the electrolyte solution. 
Transport losses are described by equation:  
 
ET (mV) = Eemf –EΔpH – ηan – ηcat – Eionic – Ecell Eq 33 
 
Where ηan and ηcat are anodic and cathodic overpotentials. 
 
iv) Coulombic losses explain why the value for coulombic efficiency (CE), 
obtained experimentally  for a particular BES, is lower than the  theoretical value 
due to some of the energy from the substrate conversion by bacteria is used for 
parasitic processes other than electricity production.  
 
The coulombic efficiency indicates the ratio between the coulombs recovered as current over 
the total amount of coulombs from the electron donor added (eg:- 8 mol electrons per mol 
acetate). On one hand, there is incomplete substrate removal in the effluent and on the other 
hand there is occurrence of alternative reactions that do not result in current production. For a 
biocatalyzed anode, this means that at first, fermentation or anaerobic respiration of organic 
compounds in the anode can occur in a way that some products (eg:- gaseous compounds 
like methane) are not converted into electrical current production. If these anaerobic products, 
like acetate or dihydrogen sulfide, could be completely recovered as current, the coulombic 
efficiency is not affected (however the energy liberated in these processes is lost), as 
reported by Rabaey et al (2006). Secondly, the build-up of biomass in the anode gives rise to 
a lower coulombic efficiency due to the presence of non conductive exopolimeric substances 
excreted by the bacteria and dead cells. Thirdly, crossover of substrate or mixing of the 
anodic and cathodic reagents, also gives rise to a low coulombic efficiency. In membraneless 
MFCs, a high influx of oxygen in the anode gives rise to the aerobic conversion of the organic 







2.16.3 Overpotential Losses  
Overpotential is an electrochemical term which refers to the potential difference between the 
half-reaction's at which the redox event is experimentally observed (Bard and Faulkner, 
2001). The term is directly related to a cell's voltage efficiency and can be described by the 
equation:  
Ecell = Seem –Espy – an – cat – Ionic – ET Eq 34   
In Eq 34 the potential used to produce hydrogen, where Eemf  (mV) is the potential measured 
across the resistor, where EΔpH (mV) is the pH gradient over the membrane, where ηan is 
anode overpotential, where ηcat is cathode overpotential, where Eionic are ionic losses and 
where ET  are transport losses.  
Due to the overpotential the following occurs: 
i) An electrolytic cell's anode is more positive because it uses more energy 
than thermodynamics require (anode overpotential), described by equation: 
Anode overpotential, ηan = Eanode, measured – Eanode Eq 35 
 
Where Eanode, measured  is the anode electrode potential measured with respect to the reference 
electrode and Eanode is the theoretical anode potential, at 289K and 1 atmosphere pressure. 
ii) An electrolytic cell's cathode is more negative because it uses more energy 
than thermodynamics require (cathode overpotential), described by equation:   
Cathode overpotential (ηcat) = Ecathode – Ecathode, measured Eq 36 
 
Ecathode, measured  is the cathode electrode potential measured with respect to the reference 
electrode and Ecathode is -414 mV, the theoretical cathode potential, at 289K and 1 atmosphere 
pressure. 
The overpotentials could be split into three categories: activation, concentration and 
resistance, as shown in figure 6, where Ve= voltage and Vcell= measured voltage, as 




Figure 6 – Indication of overpotential losses and their region of dominance as current.  
Activation overpotentials are considered to be amongst  the main limitations in MFC 
performances (Rabaey and Verstraete, 2005). Activation overpotentials are the potential 
differences required to produce a current that depends on the activation energy of the redox 
reaction.  Activation overpotentials accompany the kinetic slowness of the redox-reactions.  
Tafel equations could be used to calculate the exchange current (i0) if the concentration 
polarization is not taken into account, however this  never happens in reality (Rabaey and 
Verstraete, 2005, Logan et al., 2006). The Tafel equation relates to the rate of an 
electrochemical reaction to the overpotential: 








 Eq 38 
Where η  is the overpotential, where A is the so-called "Tafel slope", where  i = current 
density (A m-2) and where i0 = current density dependent on the electrolytic process (A m-2). 
Equation 38 shows that there is a linear correlation between the activation overpotential and 
the logarithmic value of the current. Therefore if the activation overpotentials are low, the 
exchange current density is high (Freguia et al., 2007b). Thus, activation overpotentials are 
the most dominant overpotentials in the low current density range and the activation 
overpotentials increase slowly  with increasing current densities (see Fig. 6). The current 
density is typically expressed per total electrode surface. However, the electrochemical 
reactions only occur at specific reactive catalyst sites. In  the case of a chemical catalyst, the 
catalyst loading will determine the number of reactive sites, therefore increasing the number 
of reactive sites, by using more catalyst, lowers the associate activation losses (Cheng et al., 
2006b).  
Eq  37 






Catalyst poisoning inactivates reactive sites and further increases electrode overpotentials 
(Niessen et al., 2004a). For biologically catalyzed reactions in BESs, the amount of 
biocatalyzing microorganisms in relation to the available surface area and the biological 
activity of the microbial consortium will determine the magnitude of the overpotentials. This 
bio-catalytic activity is dependent on the environmental conditions (e.g. vitamin and mineral 
composition, temperature, toxic compounds, electrode properties and electrode potential) and 
the biological competition within the microbial consortium (Cheng and Logan, 2007b, 
Clauwaert et al., 2007b, Rabaey and Verstraete, 2005). 
Concentration overpotentials are associated with the concentration gradient of reagents and 
products in the proximity of the electrode. They are determined through migration, diffusion 
and convection of substrate and removal of products.  The use of a more concentrated 
electrolyte, or the use of stirring may increase the electron transfer rate (Bard and Faulkner, 
2001). The best way to address concentration overpotentials is to use highly conductive 
electrolytes or  to reduce the distance between the anode and the cathode when the 
composition of wastewater can not be altered (Bard and Faulkner, 2001). This was therefore 
the reason identified to avoid the use of H type MFC’s and MEC’s in the experimental work in 
this thesis. This is particularly important if wastewater is to be used as substrate due to its low 
natural conductivity.  
 
The resistivity of wastewater at room temperature is typically between  20 Ωm (0.5 mS cm-1 
for potable water based  wastewaters) and up to 0.2 Ωm (50 mS cm-1, for seawater based 
wastewaters).  This is the main reason why a small BES, with higher conductivity due to 
reduced distance between the anode and cathode will perform better than larger ones with a 
greater distance between the anode and the cathode. To minimize the resistivity in BESs 
used for wastewater treatment, where typically it would be difficult and costly to alter the 
electrolyte composition, it is particularly important to minimize the distance between the 
electrodes.  
  
Ohmic or resistance overpotentials are the overpotentials due  to a particular cell design. This 
includes "junction overpotentials" which describe overpotentials occurring at electrode 
surfaces and the interfaces with the electrolyte membranes. This can include aspects of 
electrolyte diffusion, surface polarization (capacitance), and other sources of counter 
electromotive forces. In order to overcome the problems associated with resistance 
overpotentials,  highly conductive precious metals are used as the electrode materials (Bard 




Further research is needed to determine the contribution of different overpotentials in 
combination with the energy consuming nature of the biocatalysts, as it is difficult to make a 
clear distinction at this moment between these factors. 
2.16.4 Power Overshoots (MFC only) 
 
Power overshoots were identified  as a problem in numerous BES studies (Liu et al., 2011b, 
Winfield et al., 2010, Winfield et al., 2011, Hong et al., 2011, Nien et al., 2011). Power 
overshoots occur when electrical resistance of the MFC increases leading to both decrease in 
cell voltage and current, as the external load decreases (Hong et al., 2011). It was shown that 
power overshoots occur during the early stages of enrichment, when exoelectrogenic biofilm 
density is small, as shown in figure 7, where the circled area highlights overshoot peaks. 
(Winfield et al., 2010, Winfield et al., 2011) One way to resolve this problem, which is 
associated with mass transport in the electrolyte is either to adopt low resistances (Hong et 





Figure 7 – Power density curves with overshoots for microbial fuel cells (MFCs)             
1 and 2. 
2.16.5 Voltage Reversal  (MFC only) 
 
Voltage reversal can occur if a chemical fuel cell receives an inadequate supply of substrate. 
In order to pass current, reactions other than fuel oxidation may take place at the fuel cell 
anode, including water electrolysis and oxidation of anode components. The latter may result 
in significant degradation of the anode (Knights et al., 2001). In a MFC, however a cell charge 
reversal, where the voltage in one cell is abruptly reversed. Polarity reversal can also be  
observed when using a continuously fed MFC system is connected in series (Aelterman et 
al., 2006b). Serial linking is one way, commonly used to increase the voltage output in a MFC 





















2.16.6 Improvements in Anode and Cathode Designs to Reduce Performance 
Inhibitors in Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells 
(MECs) 
i) Improvements in Anodic Performance 
 
Exoelectrogenic bacteria can use a carbon cloth anode as a final electron acceptor in their 
anaerobic respiration (Torres et al., 2010). A chemical mediator facilitates the electron 
transport between the bacteria and the electrode surface in most exoelectrogenic bacteria 
systems (Logan, 2009). The maximum cell potential that can be developed by the oxidized 
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However a small portion of the immobilized mediator on the anode surface may be 
metabolized by the bacteria and dissolved from the carbon cloth electrode into the acetate 
solution. This can be described by Ficks law (Picioreanu et al., 2007). Fick's first law relates 
to the diffusive flux to the concentration under the assumption of steady state. It postulates 
that the mediator adsorbed goes from regions of high concentration to regions of low 
concentration, with a magnitude that is proportional to the concentration gradient. Since it is 
unlikely that the mediator is re-adsorbed back on the electrode in a continuous flow system, 
as it will be discarded in the environment with the effluent, this is not taken into the account. 
Electron transport involving electron carrier molecules is called mediated electron transfer 
(MET) (Sund et al., 2007, Blankenship and Parson, 1979, Logan et al., 2009a). 
 
ii) Improvements in Cathodic Performance 
 
Platinum is used widely in MFC and MEC as a cathode catalyst (Call and Logan, 2008). 
Platinum is the most efficient heterogeneous catalyst that converts protons into hydrogen in 
the cathode chamber of MEC. However platinum is expensive, $ 38.0 per gram (Zhao et al., 
2006). Recently, alternative cathode catalysts were investigated, such as stainless steel alloy 
A286  (Selembo et al., 2009a), NiMo (Damian and Omanovic, 2005, Hu et al., 2009), cobalt 
tetromethoxyphenylporphyrin CoTMPP, and FePc (Zhao et al., 2005) and these could be 








3. Aims of this Thesis 
3.1 Determine the Influence of Temperature and Catholyte pH on the 
Hydrogen Production in Microbial Electrolysis Cells (MECs) 
Hypothesis  
Before the work on investigating the anodes used in microbial fuel cells (MFCs) and microbial 
electrolysis cells (MECs) was started,  it was important to assess how the novel tubular 
reactor was operated in regard to the selected  temperature and pH. Microbial electrolysis 
cells (MEC) could be integrated with dark fermentative production to increase the overall 
hydrogen production that could operate at a range of temperatures and pH.  Tubular reactors 
were shown to perform better than most other designs (Gil-Carrera et al., 2013, Kim et al., 
2009b, Rabaey et al., 2005b) and could be scaled up. It is important to know how the change 
in temperature or pH, which will happen if the process is taken to industrial scale, will affect 
the hydrogen production rate and coulombic efficiency (CE). According to authors knowledge 
the performance of an up flow MEC was not assessed in detail under different temperature 
and pH levels, in the literature, when the experimental work was done. 
Objectives 
 
i) To construct a microbial fuel cell built around an untreated carbon cloth anode 
(UCC) and to operate it for several weeks, under a 150 Ω resistance, in 
sequencing  batch mode, in order to develop exoelectrogenic biofilm. This method 
(Liu et al., 2011a, Cusick et al., 2011) should allow faster biofilm development on 
the electrode surface.   
 
ii) To remove the anode and to place the conditioned anode into microbial 
electrolysis cell and evaluate the effect of temperature and pH on the hydrogen 
production rate and efficiency in MECs.  
 
iii) To investigate the performance factors in detail that include the hydrogen 
production rate, current density at the cathode, conductivity, pH and the amount of 
acetate consumed by the bacteria and to assess the how these performance 
factors are affected by the changes in the pH. 
 
iv) If the performance of MFC comparable to results reported in literature to use this 






3.2 Investigate the Effect of Immobilized Methylene Blue and Neutral Red on 
the Current Production in Microbial Fuel Cells (MFCs)  
Hypothesis  
 
In order to become, commercialized microbial fuel cells need to have similar performance 
factors, such as power density to chemical fuel cells. The performance of microbial fuel cells 
(MFCs) is lower than that of chemical fuel cells by the factor of 10. The potential inefficiency 
of large scale microbial fuel cell (MFC) reactors was investigated by Logan and Cheng (2011) 
and electron transport losses were highlighted as one of the major problems. The effect of 
various electron mediators on the performance of MFCs was investigated (Sund et al., 2007). 
Much of the work on the immobilization of mediators on the electrode surface was performed 
by Park et al (1999). Passive adsorption on carbon had not previously investigated as a 
means to attach mediator to the carbon cloth anode. This approach has the advantages 
because it avoids the use of a non conductive matrix that holds the electron mediator  
molecules to the carbon surface.   
Objectives 
 
i) To immobilize a mediator on the carbon cloth anode via passive adsorption and to 
determine the most efficient way to immobilize the mediator on the carbon anode 
surface (experiment 2). To build and operate the microbial fuel cells (MFCs) with 
different  mediator treated anodes, at 150 Ω resistance, for several weeks, in 
sequencing  batch mode (experiment 2.1), such that it would be possible to 
compare these results to work published by Kim et al (2009b).  
 
ii) To investigate the performance factors in detail including  voltage production, 
current, power density and the amount of acetate consumed by the bacteria on 













3.3 Investigate the Influence of Changes in Acetate and Butyrate 
Concentrations and Full Substrate Switch on Gas Production from Two 




If a microbial electrolysis cell (MEC) is to be integrated with dark fermentative hydrogen 
production reactor, which typically produces an acetate and butyrate mixture in approximate  
ratio of 4 to 6. Then it is important to investigate how fluctuations in acetate and butyrate 
concentrations would effect the hydrogen production on such an integrated process. If a 
mixed microbial culture is acclimated to butyrate,  there may be a natural selection towards 
more exoelectrogenic bacteria and /  or a reduction in methanogens (Regan and Jung, 2011). 
Previous work by Cheng and Logan (2007a) showed that it is possible to operate MECs on 
butyrate, propionate and valerate. This process was not however investigated in detail and 
minimal information on the experimental procedures was published. According to the author`s 
knowledge information on how small shifts in the substrate concentration and full substrate 
switch effects the hydrogen production was not previously published in literature. 
Objectives 
i) To build and operate microbial fuel cells (MFCs) with untreated carbon cloth 
(UCC) anodes and to operate one on acetate and another on butyrate for several 
weeks at 1000 Ω resistance, to compare these results to previously published 
work such  as Michie et al (2011) and  Liu and Logan (2004b). The results will 
compare all performance factors previously addressed in the literature which 
should include voltage production, current, power density and the amount of 
acetate consumed by the bacteria to see if there are any significant differences 
between the acclimated electrodes. 
 
ii) To build continuous flow microbial electrolysis cells (MECs) and to investigate the 
effect of changes in substrate concentration and full substrate switch on hydrogen 
production rate. Other performance factors such as current density at the cathode, 
conductivity, pH and the amount of substrate consumed by the bacteria, 
previously reported in literature, should also be investigated. The percentage of 
exoelectrogenic bacteria and archaea on anodes acclimated to acetate (AC) or 
butyrate (BU) should be determined if there is a significant difference in the MEC 




3.4 Compare four Anode Types on the Voltage Production in Microbial Fuel 




Mediators are not the only substances that can enhance MFC and MEC performance. Iron 
and manganese particles immobilized on carbon electrodes can also act as mediators   (Seo 
et al., 2009). The anode in a microbial electrolysis cell (MFC) or MEC could be made more 
conductive, if a stainless steel anode is used instead of pure carbon with carbon cloth. 
Previous work by Dumas et al (2007) showed that most bacteria in mixed culture could not 
attach itself to the stainless steel plate anode surface. Stainless steel has a higher 
conductivity than carbon (Wang et al., 2003) and carbon materials with metal particles 
immobilized on their surface were shown to perform better than MFCs with carbon anodes  
(Lv et al., 2012, Kim et al., 2005, Park and Zeikus, 2003, Fan et al., 2011).  
Objectives   
i) To build and operate the microbial fuel cells (MFCs) with untreated carbon cloth 
roll (UCC) anodes; stainless steel cloth and carbon cloth roll anodes (RR); J cloth 
(artificial cloth made from non conductive fibers) of the same thickness as 
stainless steel cloth) carbon cloth roll (JC) and methylene blue treated cloth roll 
(MB) and to operate these MFCs on acetate for several weeks at 1000 Ω 
resistance, so that it would be possible to compare these results to (Michie et al., 
2011, Liu and Logan, 2004b). The results should compare all performance factors 
previously addressed in literature which should include voltage production, 
current, power density and the amount of acetate consumed by the bacteria to 
see if there are any significant differences. 
 
ii) To build and operate microbial electrolysis cells (MECs) with 4 different anodes for 
a comparison study and to investigate the effect of changes in substrate 
concentration and full substrate switch from acetate to butyrate on hydrogen 
production rate. Other performance factors such as current density at the cathode, 
conductivity, pH and the amount of substrate consumed by the bacteria, 








3.5 Design scaled Up Multi Anode Chamber Microbial Electrolysis Cell 
(Revolver Reactor)  
Hypothesis  
 
The industrial large scale microbial electrolysis (MEC) system has to be run continuously at 
high volumes (>m3) and should be designed in such a way that it could be possible to move 
large amounts of liquid through these devices. At the time when the work on the designs 
started several types of such scalable reactors were investigated including systems based on 
up-flow systems based on graphite granules Rabaey et al (2005b) and one MEC with 1m3 
chamber was described in the article published by Cusick et al (2011). A microbial 
electrolysis (MEC) cell used in Part 1 is not large enough to take the process to the next step 




i) To design a scaled up MEC cell consisting of separate modules placed inside 18L 
cathode chamber, made from old hydrogen fermenter case, capable of processing 
the effluent produced by hydrogen fermenter, as part of two step hydrogen 
production process. 
 
ii) To design anode chamber modules and novel anodes for a scaled up MEC based 


















4. Materials and Methods  
4.1 Anode Materials and Anode Designs Used   
 
The anodes used in experiments 6.1 - 6.4 unless stated otherwise in “Results” section 6. 
Untreated carbon cloth (UCC), methylene blue treated carbon cloth (MB) and neutral red 
treated carbon cloth (NR) designs were assembled around the carbon cloth anodes, (o.d. 
17.2 mm. 200 mm long) and each anode (Fig. 11 c) with either untreated or dye treated (see 
“Methods to Determine how Much Mediator was Adsorbed on the Electrode Surface” section 
4.84, for carbon cloth dye treatment procedures) carbon cloth veil 475/200/0.3mm (plain 
carbon cloth, PRF composite materials, Dorset, UK), see figure 13 b, wrapped around the 
graphite rod of diameter 6.5 mm and length 200 mm (graphite rod, Alfa Aesar, A Johnson 
Matthey Company, Lancashire, UK).  
 
Stainless steel mesh carbon cloth roll (RR) was  assembled around a carbon cloth anode,     
o.d. 17.2mm. 200mm tall and each anode (Fig. 8 a) was assembled with carbon cloth veil 
475/200/0.3 mm (plain carbon cloth, PRF composite materials, Dorset, UK) shown in figure 
8b, stainless steel cloth 475/200/0.1 mm (200 mesh, 0.07 mm aperture, wire diameter 0.066 
Mesh Direct, Burslem, UK) wrapped around the carbon rod of diameter 6.5 mm and length 
200 mm (graphite rod, Alfa Aesar, A Johnson Matthey Company, Lancashire, UK).  J cloth 
carbon cloth roll anode (JC, control 2, Fig. 8 c) consisted of artificial wool fibers 475/200/0.1 
mm / aperture 0.07, fiber diameter 0.07 (blue non conductive artificial synthetic fiber cloth, 
product code: 7444300, Vegware, Edinburgh, UK) instead. Fig. 8 shows untreated carbon 
cloth roll (UCC, also control 1 for the experiment with RR electrode) anode (8 a), stainless 
steel mesh carbon cloth roll (RR) anode (8 b) and J cloth carbon cloth roll (JC, control 2 for 
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4.2 Method for Immobilization of Dye on Anodes 
 
For the preparation of methylene blue (MB) treated carbon cloth anodes a carbon veil 
electrode (950 cm3) (plain carbon cloth, PRF composite materials, Dorset, UK) was placed 
into 1.56 mmol L-1 methylene blue ([7-(dimethylamino) phenothiazin-3-ylidene]- 
dimethylazanium chloride C.I. 52015, Fisher Scientific, Loughborough, UK) solution at pH12 
(adjusted from pH 5.5 to pH 12, using NaOH as described in the previous studies on 
adsorption of MB on saw dust (Hameed et al., 2007a, Hameed et al., 2007b), for 28 h and 
dried for another 28 h (MB-carbon anode treatment). This method works because MB is more 
likely to be adsorbed on the surface at high pH (i.e. 10 to 12) at which most MB molecules 
exist in an oxidized form as shown in the previous study (Senthilkumaar et al., 2005).  The 
anode was then placed into microbial fuel cell (MFC) module that operated at pH 7. The 
prepared electrodes were assembled into a membrane electrode assembly MFC as 
previously described (Kim et al., 2009b). 
 
The same procedure was repeated for neutral red (NR8-N, 8-N, 3-trimethylphenazine- 
2,8-diamine hydrochloride, C.I.50040, Fisher Scientific, Loughborough, UK) treated anodes 
carbon cloth anodes. 
4.3 Methods and Materials Used to Construct Microbial Fuel Fells (MFCs)  
 
Each MFC cell consisted of one tubular cell to contain the anode. The tubular cell was made 
from polyethene tubes (Marley Extrusions, part number WPP40WX, RS components, 
Pontypridd, Wales, UK) with an internal diameter of 40 mm, wall thickness 2 mm and 216 mm 
length (Fig. 10 a). The volume of the anode tube was 200 cm3 with 53 holes 1.0 cm in 
diameter, drilled into its side. These holes were covered with the cation exchange membrane 
(CMI 7000, Membranes International, NJ, USA), the area of which was 240 cm2. The cation 
exchange membrane was then covered with the carbon veil cathode (75 cm2, 0.5 mg cm-2 Pt, 
BASF fuel cell, NJ USA). Copper wire (Tined copper wire TCW 25, Rowan House, 
Hertfordshire, UK) was wrapped around the assembled anode chamber and any gaps were 
sealed before the cathode sleeve was placed to hold the membrane in place. A 150 Ω 
resistor was connected between the anode and cathode (Fig. 11) for enrichment, at the 
beginning of MFC operation. Sludge containing bacteria is added to the substrate in the MFC 
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Figure 10 – Complete MFC assembly diagram (a) and photograph (b).  
 
4.3.1 Temperature Control for MFC Reactors 
 
Specific  MFC temperatures were controlled by placing reactors in incubators (Oxitop, WCW, 
Germany). Incubator temperatures were checked once a day using a glass alcohol 
thermometer.  
4.4 Method and Materials used for Microbial Electrolysis Cells (MECs)  
Construction  
 
A schematic of the MEC setup is shown in Fig. 11 – Fig. 13 and more detailed design in 
Appendix A-6. The MEC consisted of two concentric tubular clear acrylic cells (i.d. 40 mm 
and 74 mm). The plastic sheets for the lids and acrylic tubes, (see “Appendix A-6” for detailed 
diagrams), were made with materials from Dipec Plastics, (Cardiff, UK). The smaller, inner 
tube (326 cm3 volume) shown in figure 11 (a) was radially perforated (39 holes each 8 mm in 
diameter) on one side of the tube (subtending 1500 of  the 3600 circumference) and inserted 
in the larger diameter tube (1290 cm3 inner volume).  
 
The inner tube was assembled with the anode electrode removed from a MFC, after several 
weeks of operation and placed into microbial electrolysis cell (MEC). The reference electrode 
(RE 5b Ag/AgCl, Basinc, Warwickshire, UK) was located on the top lid of the anode chamber. 
The anion exchange membrane (AMI 7001, Membranes International, NJ, USA) was 
attached to the outer surface of the inner tube so as to cover the perforations, thus separating 
the internal volumes of the two tubes. The cathode electrode (carbon cloth, area 75 cm2 
coated with 0.5 mg cm2 Pt, BASF fuel cell, NJ, USA) was used to form a membrane electrode 











Copper wire (plastic jacketed copper wire RG 178, Farnell Ltd, Cheshire, UK) was wrapped 
around the assembled anode chamber and any gaps were sealed with liquid gasket (Locktite 
Quick Gasket 5180, Halfords, Cardiff, UK) before the cathode sleeve was placed to hold the 
membrane in place. Fig. 11 a shows anodes RR, JC and UCC before transfer from microbial 
fuel cell (MFC) into microbial electrolysis cell (MEC) modules, MB and NR only used for 









Figure  11 – A top cap microbial electrolysis cell (11 a), anode chamber (11 b) and 
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The inner tube was equipped with shoulder connector (RS Stock No: 419-7221 adapter, RS 
Components, Pontypridd, Wales, UK) for supplying the substrate (Fig. 11 a) at the bottom of 
the tube. The substrate was supplied via Watson Marlow, 323Du with MC8 head cassette 
pump (, Watson and Marlow, Cornwall, UK), from a 5 L feed tank in a  fridge, where the 
temperature was maintained at 8 oC. AM5 adapter (KQ2H01-M5, Bestneumatics, Lancashire, 
UK) was inserted in to the top lid for removing the substrate. Two M12 cable glands (RS 
Stock No: 361-9994, RS Components, Pontypridd, Wales, UK) were installed in the anode 
and cathode top chamber lids for connecting the anode and cathode to the power supply 
(Array 0-18 V, 5A, 90 W DC Programmable Power Supply, Carrog, UK) whilst keeping the 
environment inside the reactor anaerobic. A second reference electrode (RE 5b Ag/AgCl, 
Basinc, Warwickshire, UK) was attached to the top lid in the cathode chamber for 
simultaneous on line data logging from anode and cathode (explained in section 4.5 “Flow 
Rates, pH, Temperature and Current Monitoring in Microbial Electrolysis Cells (MECs)”) in 
greater detail). The top and bottom lids on the outer tube (the cathode chamber) were fitted 
with M10 push fit connectors (KQ2H01-M10, Bestneumatics, Lancashire, UK) for recirculation 
of catholyte in the cathode chamber using a Watson-Marlow 323Du peristaltic pump with 
313D and 313X pump heads (Watson-Marlow Pumps Group, Cornwall, UK) (see Fig. 12,  
Fig. 13 a and Fig. 13 b). The catholyte was water  with 30 g L-1 NaCl,  added  to prevent any 
methanogens  growing in the cathode chamber (de Baere et al., 1984). A pressure valve was 
installed on the top lid of the cathode chamber and another, another on the small plexiglas 
bottle attached to the effluent tube from the anode chamber. The headspace was also 
maintained at 100 cm3, with the evolved gas collected into separate gas bags with FEP on / 
off valves (Tedlar BagStock No: 24633, Sigma Aldrich, Dorset, UK) attached both to the 
cathode and anode headspace. 
4.5 Flow Rates, pH, Temperature and Current Monitoring in Microbial 
Electrolysis Cells (MECs) 
 
In order to allow effective comparison in continuous flow reactors  the substrate flow rate in 
MECs has to be controlled. The flow rate in all continuous flow reactors was 36 cm3 h-1 giving 
9h hydraulic retention time (HRT) for 326 cm3 reactor and 5.5h HRT for 200 cm3 reactor. In 
order to avoid problems in varying flow rate, the flow rate was checked twice a day and the 
peristaltic tubing was replaced as necessary. Antibacterial tubes with an antibacterial lining 
were used to connect  the pump peristaltic tubing  to the substrate container (Tygon LTD, 
Hanwell, London, UK). The substrate was supplied to the anode chamber by a Watson 
Marlow  323Du pump fitted with a MC8 head attached (Watson-Marlow, Cornwall, UK), from 




The substrate pH in the anode chamber remains at 7, as feedstock solution had very high 
buffering capacity, as described in “Method for Preparing Feed Stock Solution (FS) used for 
Reactor Operation” section 4.6. The cathode pH however tends to increase as the reaction 
proceeds. In order to achieve a stable performance for the continuous flow MEC cell, the pH, 
in the cathode chambers, was maintained at pH 5.3, 7 or 9 via addition of 1.2M hydrochloric 
acid (HCl), a required for the different experiments.  
 
The temperature was maintained at 23 ± 2 oC, depending on conditions required for each 
experiment. Temperature was controlled by recirculation of warm water through the coils of 
silicone tubing (T10X1ST60, Polymax, Burdon, Hampshire, UK), wound a round the vertical 
surface area of outer cathode chamber MEC reactors. The water was heated using Grant flow 
heaters (Grant Instruments, Cambridge, UK) as shown in figures 12 a and 13 b. For logging 
voltages between cathode and cathode reference and anode and anode reference, electrodes 
(MF-2052, model RE-5B Ag/AgCl  reference electrode, with flexible connector) were used   
(Fig. 11a, Fig. 12 a  and Fig. 13a).   
 
The voltage between and reference electrode and cathode and reference was logged for 
reference purposes to compare to the values previously reported in literature on hydrogen 
production. During the course of the experiment, the pH in the cathode chamber, 
temperature, voltage in cathode and anode chambers and current applied were measured via 
Labview TM (National Instruments Co., Newbury, UK) system.  All outputs were analogue 
signals logged via a Labview card (NI USB - 6212) on a Viglen Pentium III computer used for 
data logging at 1 second intervals (see “Appendix A-4” pages 230 - 233 for VI diagrams). Two 
pH meters / temperature controllers (M300 Model, Mettler-Toledo, Leicester, U.K.) were 
connected to Model InPro4010/120/PT1000 pH probes (Mettler - Toledo, Leicester, U.K) and 
the  acid dosing pump model 323Du/MC8  (Watson-Marlow Pumps Group,) to maintain pH in 
the cathode chamber at either 5, 7 and 9, in experiment 1.1, or at  pH 5.3 only, in 






                            
 
Figure 12 – 3d drawing of cathode and anode chamber assembly (12 a) and anode            
(12 b). 
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Figure 13 b – Two chamber tubular upflow MEC reactor (13 a) schematic and                        
photograph (13 b). 
 
4.6 Method for Preparing Feedstock Solution (FS) used for Reactor Operation 
 
The feedstock solution (FS) was prepared in 5 L containers  filled with media containing 
acetate or butyrate with concentrations ranging from 5 to 20 mmol L-1, depending on the  
experimental protocol, as the carbon substrate. The substrate preparation could be split in 2 
stages: preparation of buffer solution S1 and preparation of mineral and vitamin solutions S2 
and S3. In order to minimize the volume of buffer solution stored, concentrated solution (twice 
the required concentration) was kept in 20 L container. In buffer solution, the pH changes 
very little when a small amount of strong acid or bases added to it and thus it is used to 
prevent changes in the pH of a solution. In the anode chamber it is necessary to keep the 
correct pH for many electricity or hydrogen producing microorganisms to work.  
 
 
Heaters for the water 
jackets for both reactors 
 
Power supplies for both 
reactors. 
 
    (UCC) reactor 
 
Reactor with methylene 
blue (MB) dissolved in 
the anode chamber. 
 
Substrate pump is in the 
trey under MB and UCC 
reactors (pH is adjusted 




Fridge, which contains 
the substrate chambers 





Computer for data 
logging  
 




1.2M HCl pumps for 
MB and UCC reactors to 




Recirculation  pump for 
cathode chambers for 





The substrate solution for MFC and MEC anodes was prepared using concentrated 
electrolyte solution (S1, 2.5 L), mineral solution (S2, 62.5 cm3 (see table 3) and vitamin 
solution (S3, 62.5 cm3) were added containing nutrients in excess, to promote bacterial 
growth (Kim et al., 2010, Kim et al., 2009b) diluted with deionized water to 5 L. For cathodes 
in MECs and two compartment MFCs pure solution S1 (without minerals or vitamins added), 
diluted by the factor of 2, was used with NaCl (30 g L-1) added to prevent growth of 
methanogenic archaea. 
 
Concentrated buffer solution S1 prepared as shown on table 3 was kept in 20L container. All 
buffer, mineral and vitamin solutions were diluted with deionized water, which contained 
dissolved antifoam (polydimethylsiloxane, Dow Corning), Coventry, UK). Antifoam was used 
to prevent the build up of foam which represented problems associated with slow drainage in 
continues flow MEC reactors.  
 
Vitamin and mineral solutions (S2 and S3) were prepared as shown in Table 3. In order to 
minimize the volumes of vitamin and minerals solutions, twice the required concentration, 
was made up and stored in 1L containers in the fridge. Prior to use in the experiments the 
concentrated solution from each 1L container was diluted with deionized water. 
  
Table 3 – Ingredients used to prepare vitamin and mineral solutions S1, S2 and S3. 
 
Buffer solution (S1): Mineral solution (S2): Vitamin solution (S3): 
Name:  Weight (g L-1 ):        Name:              Weight (g L-1 ):           Name:               Weight (g L-1): 
NaH2PO4·H2O 107.6 NTA 1.5 biotin 2 
Na2HPO4 173.2 MgSO4 3 folic acid 2 
KCl 5.2 MnSO4·H2O 0.5 pyridoxine (HCl) 10 
NH4Cl 12.4 NaCl 1 riboflavin 5 
  FeSO4·7H2O 0.1 thiamin 5 
  CaCl2·6H2O 0.1 nicotinic acid 5 
  CoCl2·6H2O 0.1 pantothenic acid 5 
  ZnCl2 0.13 b-12 0.1 
  CuSO4·5H2O 0.01 p-aminobenzoic acid 5 
   AlK(SO4)2·12H2O 0.01 thioctic acid 5 
  H3BO3 0.01   
  Na2MO4 0.025   
  NiCl2·6H2O 0.024   






4.7 Electrochemical Analysis Methods 
4.7.1 Microbial Fuel Cell (MFC) Operation  
 
i) Voltage Monitoring: 
 
For the results in experiment 1.2 (see section 6.1 for details), which was performed 
simultaneously with experiment 2.1 (see section 6.2 for details), the voltage between the 
anode and cathode was monitored manually once a day (average of three readings at 11:00, 
15:00 and 18:00), across a 150 Ω resistor. 
 
For  “The Influence of Changes in Acetate and Butyrate Concentrations and full Substrate 
Switch on Gas Production from two Microbial Electrolysis Cells (MECs) Acclimated to Acetate 
and Butyrate” (see section 6.3 for details) and “The Comparison of four Anode Types on the 
Voltage Production in Microbial Fuel Cells (MFCs) and Hydrogen Production in Microbial 
Electrolysis Cells (MECs)” (see section 6.4 for details) potential difference across a 1000 Ω 
resistor signals were measured via labview TM (National Instruments Co., Newbury, UK) 
based system at 60 second intervals (averages of 60 readings, 1 reading per second), as 
shown on “Appendix A-4” for VI diagrams and figures 31 and 34. 
 
ii) Power Density Monitoring and Polarization Curves: 
 
The power curve (Fig. 14 a) is one of the ways to assess the performance of a fuel cell and to 
determine its maximum power. The power performance curve relates to the power delivered 
across the external load to its impedance. The power delivered is 0 for both an open circuit 
and a short circuit (infinite and zero external impedance) and is a maximum when the 




Figure 14 – Sketches of typical power for fuel cells (FC) and (imaginary data, used as 
an example, 14 a) and polarization (14 b) curves based material published  
                      by Bezinger at al (2006). 
         (a)                                                                            (b)          
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Polarization curves (Fig. 14 b) allow to determine the differences and/or improvements in 
mass transport and ohmic regions, as shown in figure 6. The slope ohmic (linear) portion of 
polarization curves is used to determine internal resistance. 
 
Power density plots were produced  once per week (once per batch cycle including start up) 
when the voltage in MFCs stabilized, 3 days after the substrate was added. Start up refers to 
one or two week period when MFC reactors were filled with fresh solution containing 
substrate, vitamins and minerals (80 %), prepared as described in (“Method for Preparing 
Feed Stock Solution (FS) used for the Reactors”, section 4.6), and 20 % sludge (Fan et al., 
2007, Liu and Logan, 2004b). At the end of the start up period the sediments were removed, 
at the end of 1st week, fresh substrate solution was added once per weak, prepared as 
described in “Materials and Methods” (section 4). One week periods during which the 
substrate solution (without sludge) was replaced were referred to as batch cycles. MFCs 
were usually operated for 7-10 batch cycles, same as the number of power density plots 
produced. For each power density plot the resistance was increased to open circuit 
resistance (∞), for 2hours, and decreased to lower resistances for ten 1hour periods to allow 
voltage stabilization until lowest resistance on the variable resistor 10 Ω was reached, as 
shown on Table 5, for 200 cm3 MFC (see “Electrochemical Analysis Methods” (section 4.7), 
for detailed calculations and examples). In literature the power produced is either compared 
to the volume of anode chamber or anode or cathode surface areas, depending on what 
performance factors are investigated in the experiment.   
 
iii) Coulombic Efficiency (CE) and Energy Efficiency:  
 
The coulombic efficiency describes the efficiency with which charge (electrons) are 
transferred in a system facilitating an electrochemical reaction. It correlates charge 
(coulombs) with the amount of substance (moles) (Liu and Logan, 2004b, Logan et al., 2006). 
For fuel cells coulombic efficiency is the fraction of coulombs recovered as current per batch 
cycle (7 day period, between times when the substrate was replaced) divided by the 
theoretical number of coulombs recovered from the starting organic matter, acetate or 
butyrate for example. The coulombic efficiency (CE) and energy efficiency for a MFC and 
MEC in sequencing  batch (SBR) operation were calculated via equation 40 (Logan et al., 
2006).  







/(CEt ) × 100   (Logan, 2008) Eq 40 
Where CE is coulombic efficiency (%),  I dt (C) is the average of total number  of coulombs 
recovered per batch cycle, from the substrate and (CEt) theoretical number  of coulombs that 




iv) Calculation of Coulombs Recovered as Current (CE):  
 
Total energy recovered from the substrate is the area under the current vs time curve divided 
by the number of batch cycles (the voltage measured across the resistor (each data point on 
the curve) as shown in figure 15  converted into current via Eq 41 (Logan, 2008):  
 
Current (I) I = Voltage (V) / resistance (R) Eq 41 
 
Each MFC reactor was re filled with fresh substrate once a week (reason for dividing curve 
total area by the number of batch cycles) and the total number of coulombs recovered from 
current increases as the number of microbes in the biofilm on the anode surface increases, 
with each batch cycle represented as arrow (Fig. 15). During 1st batch cycle almost no current 
was produced and only small amount of substrate was consumed. During 2nd batch cycle the 
amount of current produced and substrate consumed goes up.  During 3rd batch cycle the 
amount of current produced and substrate consumed stabilizes.  After 3rd batch cycle the 
biofilm continues to grow slowly hence current and energy recovered from substrate slowly 
goes up from batch cycle 3 to batch cycle 7. 
 
  
Figure 15 – A sketch of a typical power current vs time (hours) curve.  
         
v) Calculation of Theoretical Number of Coulombs (CEt) Recovered from 
Starting    Organic Matter: 
 
Theoretical number of coulombs (CEt) refers to coulombs recovered from the starting organic 
matter, assuming 100 % of starting organic substrate is converted into current. It does not 




Theoretical number of coulombs (CEt) = z (electrons per mol of substrate) × F (Faradays 
constant) × n (number of moles of substrate, in 200 cm3 MFC reactor) (Logan, 2008). Eq 42                                                                            
n (number of moles of substrate, in 200 cm3 MFC reactor) is 0.02 mmol L-1 × 0.2L=0.004mol 
of acetate or butyrate Eq 43 
 
Theoretical CE values for the coulombs that could be recovered from 20mmol L-1 acetate and 
butyrate is calculated as follows: one acetate molecule requires 8 electrons and one butyrate 
molecule requires 20 (4 electrons from butyrate oxidation and 16 electrons for 2 acetate 
molecules produced from butyrate, if a two step process is considered (Liu et al., 2005b). 
 
Theoretical Coulombic Efficiency (CEt) for 20 mmol L-1 Acetate: 
 
8 mole e- /mole (electrons per mol of substrate) × 96485 c/mole e- (Faradays constant) ×   
× 0.004 mol (in 200 cm3 MFC reactor) = 3088 c  (Logan, 2008) Eq 44 
 
Theoretical Coulombic Efficiency (CEt) for 20 mmol L-1 Butyrate: 
 
20 mole e- /mole (electrons per mol of substrate)  × 96485 c/mole e- (Faradays constant) ×     
× 0.004mol (in 200 cm3 MFC reactor)  = 7719 c  (Liu et al., 2005b) Eq 45 
 
vi) Energy Efficiency (E): 
 
Energy recovery compares the energy recovered from the system to energy stored in the 
starting material.  It correlates the energy recovered with the amount of substance (moles) 
and heat of combustion of organic substrate (Logan, 2008). 







/ (Et) × 100 Eq 46   
Where E is energy recovered (%),  P dt (Joules) is the average of total number  of Joules 
recovered per batch cycle, from the substrate and (Et) theoretical number of Joules that could 
be recovered, from the same amount of substrate.                                        
 
Calculation of Energy Recovered as Current (P):  
 
Total energy recovered from the substrate is the area under the power vs time curve, is 
divided by the number of batch cycles, where the voltage across the resistor (each data point 
on the curve, see figure 15 is converted into power using: 
 







Calculation of Theoretical Energy (Et) Recovered from Starting Organic Matter: 
 
Theoretical energy recovered (Et) refers to the Joules recovered from starting organic matter, if 
100% of starting material is converted into current. It does not take looses associated with 
ionic transport into the account.  
 
Theoretical number of coulombs (CEt) = E (energy recovered per mol of substrate) × n 
(number of moles of substrate, in 200 cm3 MFC reactor). Eq 48                                                                                           
 
Where n (number of moles of substrate, in 200 cm3 MFC reactor) is 0.004 mol for 20mmol L-1 
acetate or butyrate solution (see equation 41 -  45). 
 
Theoretical Energy Recovery (Et) for 20 mmol L-1 Acetate: 
 
Enthalpy change of combustion for acetate (ΔHcombustion)= -875200J/mol (Logan, 2008, Logan 
et al., 2008) 
 
Et = (-875200J/mol (ΔHcombustion)) x 0.004mol (in 200 cm3 MFC reactor)= 3501J Eq 49   
 
Theoretical Energy Recovery (Et) for 20 mmol L-1 Butyrate: 
 
Enthalpy change of combustion for acetate (ΔHcombustion)= -2183500J/mol (Lebedeva, 1964, 
Linstrom and Mallard, 2010)   
 
Et = -(-2183500J/mol (ΔHcombustion)) x 0.004mol (in 200 cm3 MFC reactor) = 8734J Eq 50   
 
The theoretical energy (Et) recovered from butyrate is always higher than energy recovered 
from acetate because enthalpy change of combustion for butyrate is higher (Liu et al., 
2005b). 
4.7.2 Cyclic Voltammetry Tests on the Liquid Samples    
 
Cyclic voltammetry (CV) is generally used to study the electrochemical properties of an 
analyte in solution and/or determine its reduction and oxidation potential peaks. For this work 
however cyclic voltammetry examination was performed in order to determine whether 
methylene blue was adsorbed on the electrode surface without bacteria and to investigate if 
cytochorome redox peaks (enzyme present in exoelectrogenic bacteria) were taller  on the 
plot for effluent samples from MFC that produced higher voltage.  
 
Cyclic voltammetry is a type of potentiodynamic electrochemical measurement. In a cyclic 
voltammetry experiment the working electrode potential is ramped linearly versus time like 
linear sweep voltammetry (Cheng et al., 2009).  
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Unlike sweep voltammetry, which ends when it reaches a set potential, the working 
electrode's potential ramp is inverted in cyclic voltammetry and this inversion can happen 
multiple times during a single experiment (Bard and Faulkner, 2001). The current at the 
working electrode is plotted versus the applied voltage to give the cyclic voltammogram trace.  
 
i) Preparation of Mediator Treated Anode Material for CV Scans 
 
In order to investigate physico-chemisorption of MB on the carbon electrode, cyclic 
voltammetry tests were conducted in the electrolyte S1 solution diluted by the factor of 2 
(prepared as described in “Method for Preparing Feed Stock Solution (FS) used for the 
Reactors”) at pH 7, respectively (Fig. 23). Four electrodes were prepared:- untreated carbon 
cloth (control), methylene blue in buffer solution with untreated carbon cloth anode (MB in 
solution), methylene blue treated carbon cloth (MB) prepared using 1.56 mmol L-1  solutions 
as described in experiment 2 ii, after 4 buffer washes. 
 
ii) Preparation of Liquid Samples for CV Scans 
 
For effluent samples obtained at the end of each batch operation cycle each sample was split 
into two. The first one was taken to analysis, and the second one was centrifuged in a Sorvall 
Legend P 76TM T centrifuge (Kendro Laboratory Products Plc, Bishop’s Stortford, UK) for 10 
minutes at 13400xg, same as samples used for COD analysis.  Cyclic voltammetry (CV) was 
performed on 3 samples:- (a) the MFC culture in its medium (see figure 24, for experimental 
result), (b) the supernatant of centrifuged MFC culture and (c) the MFC culture after 
centrifugation and re-suspension (Logan et al., 2006). Experiments a, b and c produced 
exactly the same results. 
iii) Procedure for CV Scans 
 
In these experiments, the working electrode potential was linearly ramped versus time; then, 
when the potential changed it was repeated in the reverse direction. The measurement cycle 
was conducted in multiplicate during the experiment, 3 times (-0.7 OC, 0.7 OC, 10mV/S, x3), 
where OC is open circuit. The current on the working electrode (y axis) was plotted against 








4.7.3 Microbial Electrolysis Cell (MEC) Operation  
 
Unlike MFCs that were operated in sequencing  batch mode microbial electrolysis cells 
(MECs) were operated in continuous flow mode, which had to be taken into account when 
coulombic efficiency (CE) was calculated.  The voltages between the anode and the 
reference electrode in the anode chamber and cathode and the reference electrode in the 
cathode chamber and the voltage across 1Ω resistor connecting the power supply via labview 
TM (National Instruments Co., Newbury, UK) system was used for data logging at 1 second 
intervals  for experiment 1 and at 60 second intervals (averages of 60 readings, 1 reading per 
second, for experiments 2 and 3)  and all outputs were analogue signals installed on a Viglen 
Pentium III computer (see “Appendix A-4” for VI diagrams). Averages of 60 readings were 
used in experiments 3 and 4 to reduce the number of data points on the plot.  
 
The data  was extracted on daily basis and the averages for anode vs anode reference and 
cathode vs reference electrodes were calculated by adding all values in anode and cathode 
columns, separately. The sums of voltages in each column were divided by 1440 (minutes in 
24hours). For data recorded voltages across 1 Ω resistor each data point was converted into 
current using equation 30, divided by 75 cm2 (cathode surface area) and multiplied by 1000 to 
get values in A m-2 and added to graph time (weeks (x axis) vs current density (A m-2)). The 
standard performance factors for MEC performance are coulombic efficiency (CE), cathodic 
hydrogen recovery (actual hydrogen production divided by the amount of hydrogen produced) 
and hydrogen yield per mol of substrate destroyed calculated as previously described by 
Logan et al (2006). The amount of hydrogen produced on daily basis had to be determined 
via gas chromatography see “Offline Analysis Methods” section 4.8 for more details) of the 
contents of the gas bags and the amount of acetate or butyrate consumed had to be 
determined offline. In literature the amount of gas produced is either compared to the volume 
of anode chamber or anode surface area. For all experiments performed the gas production 
was compared to the volume of anode chamber in order to allow comparison with other work 
performed by the research group at the Univeristy of South Wales. The substrate 
concentration was determined via chemical oxygen demand (COD) analysis (see “Offline 














i) Coulombic Efficiency (CE) and Energy Efficiency:  
 
For continuous flow microbial electrolysis cells coulombic efficiency (CE) is the fraction of 
coulombs recovered as current per 8 or 9 hour cycle (hydraulic retention time, time needed 
for electrolyte to pass through the reactor) divided by the theoretical number of coulombs 
recovered from the starting organic matter, acetate or butyrate for example (see equations  
13 - 23,  and 14 - 25). All other calculations were performed in exactly the same way, as 
previously described in “Electrochemical Analysis Methods” section 4.7. 
 
ii) Cathodic Hydrogen Recovery (rH2(cat) ) and Analysis of Hydrogen Obtained in 
Gas Bags:  
 
Cathodic hydrogen recovery compares the amount of hydrogen produced by microbial to 
electrolysis cell per 24 h  to theoretical amount of hydrogen recovered from the current in the 
system (for determining actual amount of hydrogen measured on daily basis, see 
“Electrochemical Analysis Methods” section 4.7 and “Results” (section 6) for examples). 
 
iii) Theoretical Amount of Hydrogen Produced for the Current Measured Across  
1Ω Resistor (rH2(cat) ):  
 
From Faradays second law 2F (2x96500 c mol-1≈2 x105  c mol-1)  
 
is required to liberate 1mol of hydrogen at the cathode (Logan, 2008, Logan et al., 2008) and 
the expected production rate (cm3) is 10×I (current calculated from the voltage logged across 
1 Ω resistor (mA)), so that 1 mA gives theoretical 1 cm3 of hydrogen. Eq 51  
 
iv) Calculating Cathodic Hydrogen Recovery (rH2(cat) ):  
 
The cathodic hydrogen recovery (rCat, %) is actual hydrogen production rate (nH2, cm3, 
manually measured once a day via gas chromatography) divided by the expected hydrogen 
production rate (calculated from current measured across 1Ω resistor between power supply  
 




n 2 =rCat    Eq 52   
(Logan et al., 2008)   
 
Values for rCat previously reported in literature range from 31% (Nam et al., 2011) to 100% 





v) Overall Hydrogen Yield and Hydrogen Yield per mol of Substrate Destroyed: 
 
Overall hydrogen yield compares the volume of hydrogen  produced by the microbial 
electrolysis cell per 24h to the theoretical volume of hydrogen that could recovered if it 
undergoes 100% oxidation (for determining actual amount of hydrogen measured on daily 
basis, see “Offline Analysis Methods” section 4.8). It is also possible to determine number of 
mols of hydrogen produced per mol of substrate utilized (Logan et al., 2008). 
 
Theoretical Volume of Hydrogen Produced from the Substrate Consumed: 
 
The substrate concentration for influent and effluent was determined via chemical oxygen 
demand (COD) analysis from which the amount of substrate (acetate or butyrate, mg L-1) 
utilized by the bacteria in 24 hours in the microbial electrolysis cell (MEC) was calculated. 
The theoretical amount and the volume of hydrogen produced from the substrate oxidation 
(ns) was calculated from the change in the amount of substrate concentration of substrate in 
the influent.  
 
 
Overall Hydrogen Recovery and Hydrogen Yield per mol of Substrate Consumed: 
 
Overall hydrogen yield (%,YH2) is the volume of hydrogen produced by microbial electrolysis 
cell (MEC) every 24h, (nH2, cm3, manually measured once a day via gas chromatography) 
divided by theoretical volume of hydrogen (ns) that could recovered if it undergoes 100% 
oxidation (Logan et al., 2008), for determining actual amount of hydrogen measured on daily 





n 2 =YH2    Eq 53 
 
(Logan et al., 2008)  
  
vi) Hydrogen Yield per mol of Substrate Destroyed: 
 
Using the equivalence statement 1g COD (organic material utilized) ≡ 1400 cm3 of hydrogen 
produced at the cathode calculated from the equations and procedures used in Gavala et al 
(2006), Logan (2008), Logan et al (2008), at standard conditions (298K and 1ATP pressure. 
The amount of substrate (acetate or butyrate, mg L-1) utilized by the bacteria in 24 hours in 
microbial electrolysis cell (MEC)) was determined first and then converted into hydrogen that 




The actual hydrogen production rate (nH2, cm3, manually measured once a day) divided by 
the theoretical volume of hydrogen (nCOD) that could recovered from the amount of utilized 
substrate, (see section 4.7.5, for examples to determine hydrogen recovery based on the 




n 2 =YCOD      Eq 54 
(Logan et al., 2008)  
 
From the stoichiometry (1 mol of acetate produces 4 mol of hydrogen (equations 19 - 23) and 
1 mol of butyrate produces 10 (2+4+4) mol of hydrogen (equations 14 and 25). It is possible 
to calculate yield of hydrogen per mol of substrate destroyed  (YH2 per mol substrate destroyed) (Cheng 
and Logan, 2007a).  
4.7.4 Experimental Methodology and Example Online Calculations for Microbial 
Fuel Cells (MFCs)  
 
i) Coulombic Efficiency (CE) and Energy Efficiency:  
 
The coulombic efficiency (CE) and energy efficiency for sequencing batch (SBR) operation 
were calculated, as previously described in “Electrochemical Analysis Methods” section 4.7. 
The voltage readings for voltage production vs time curve similar to that in figure 36 are 
converted into current area under AC curve (Fig. 15). CE is the fraction of coulombs 
recovered as average of 60 current readings recorded in a minute (CEp, currents recorded) 
divided by the theoretical number of coulombs (CEt) recovered from the starting organic 
matter, acetate or butyrate (see “Electrochemical Analysis Methods” section 4.7 for details).  
                                                                                            
ii) Calculation of Coulombs Recovered as Current (CE):  
 
Total number of coulombs (amperes per second) recovered from current is the area under 
the current vs time curve (Fig. 15), divided by the number of batch cycles, for example 
experiment it’s area under control MFC (AC) curve divided by 7 (number of weeks, because 
each batch cycle was 1 week long). If the voltage was recorded manually 3 times a day it was 
assumed that same voltage was produced per minute between times the voltage was 
recorded. If voltage was logged on line and it was assumed that same voltage was produced 
per second for each average of 60 readings per minute, so (CEp, currents recorded 
(4.2336×106 data points divided by 7 weeks) divided by the theoretical number of coulombs 
(CEt) recovered from the starting organic matter, acetate or butyrate (see “Electrochemical 
Analysis Methods” section 4.7 for details).   
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The reason MFC data was recorded manually experiments in “The Effect of Immobilized 
Methylene Blue and Neutral Red on the Current Production in Microbial Fuel Cells (MFCs)” 
section 6.2 was due to problems with data acquisition system. The reason the current was 
not recorded one reading per second for experiments involving use of acetate and/or butyrate 
as substrate (see “Results” sections 6.3 and 6.4 for details) was background noise caused by 
connection problems (sloppy soldering on the wires connected to each other and moist in the 
air), so that the averages provide more accurate results. The values were then converted into 
current separately, for each value, and added together. Replacing substrate in MFCs on 
weekly basis is a standard operating procedure for all MFCs used in publications to allow 
comparison between work done on all projects by the research team).  
 
The example practical values, in coulombs, are 1820 c for MFC (operated on acetate AC) 
and 1850 c for MFC (operated on butyrate BU). Theoretical number of coulombs (CEt) refers 
to coulombs recovered from starting organic matter, if 100 % of starting material is converted 
into current calculated as shown in the “Electrochemical Analysis Methods” section 4.7.  For 
acetate in 200 cm3 MFC CEt= 3088 c and for butyrate  CEt= 7719 c. Table 4 represents 
practical values divided by theoretical CE values multiplied by 100.  
 
iii) Calculation of Energy Recovery (E): 
 
The energy recovery (E) is the fraction of coulombs recovered as current per batch cycle (Ep, 
7 day period, between times when the substrate was replaced) divided by theoretical energy 
recovery (Et).                                                                                                                                                            
        
Practical energy recovery (Ep) is calculated in exactly the same way as (CEp) where the only 
difference is power used instead of current, from the voltage per second, as described in 
“Electrochemical Analysis Methods” section 4.7.  The practical values used as example, in 
Joules, are 630 J for MFC (AC), 655 J for MFC (BU). 
 
Theoretical energy recovery (Et) is calculated, as described in the “Electrochemical Analysis 
Methods” section 4.7, which is 3501 J, for MFC (AC) and 8734 J, for MFC (BU). 
 
Table 4 – Comparison of coulombic efficiency (CE) and energy recovery (E) values for 
example MFCs (BU and AC). 
 
Substrate MFC CEp (c) CEt  (c) CE (%) E (%) Ep (J) Et (J) 
butyrate BU 1850 7719 26 7.5 655 8734 






i) Power Density Monitoring: 
 
Knowing the coulombic efficiency (CE) and energy recovery (E) does not sufficiently describe 
how the power is generated by specific microbial fuel cell (MFC) architecture. Power is 
normalized across the volume of the anode chamber or anode surface area is another 
performance factor, which has to be assessed, compulsory for publications in journals such 
as “Biotechnology and Bioprocess Engineering”. Power density plots (Table 5) were created 
as described in “Electrochemical Analysis Methods” section 4.7.  
 
Table 5 – Example power density plot data for microbial fuel cell (MFC) with acclimated 
to butyrate (BU) and acetate (AC) .  
 
 





Power (W m-3) 
MFC (BU) 10 21 2.10 0.04 0.22 
(wk 7) 40 90 2.25 0.20 1.01 
 60 135 2.25 0.30 1.52 
 100 200 2.00 0.40 2.00 
 150 250 1.67 0.42 2.08 (Pmax) 
 300 310 1.03 0.32 1.60 
 500 347 0.69 0.24 1.20 
 700 356 0.51 0.18 0.91 
 1000 500 0.0 0.00 0.00 
 400000 530 0.00 0.00 0.00 
 ∞ 550 0.00 0.00 0.00 
MFC (AC) 10 36 3.60 0.13 0.65 
(wk 7) 40 130 3.25 0.42 2.11 
 60 175 2.92 0.51 2.55 
 100 240 2.40 0.58 2.88 (Pmax) 
 150 278 1.85 0.52 2.58 
 300 330 1.10 0.36 1.82 
 500 360 0.72 0.26 1.30 
 700 375 0.54 0.20 1.00 
 1000 390 0.39 0.15 0.76 
 400000 550 0.00 0.00 0.00 
 ∞ 550 0.00 0.00 0.00 
Power (W) is for  200 cm3 MFC chamber. 1 m3= Power (W) / 200 cm3 ×106  
 
All plots were produced for microbial fuel cells (MFCs) acclimated to 23±2 oC, as an example 
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For each power density plot the resistance was increased to the open circuit resistance (∞), 
for 2 hours, and decreased to lowest resistance 10 Ω, for 1 hour periods, for 200 cm3 MFCs 
used in all experiments. The data was used to plot figure 16. Power density plots were 
created once a week 4 days after substrate was added to sludge and then 4 days after the 
substrate was replaced in MFCs, if operated in sequencing  batch (SBR) mode. Data in Table 
5, with maximum power densities marked as (Pmax) can then be converted into figure 16 with 
(Pmax) as tallest peaks on power density plots.  Pmax values slowly increase every week and 
shift from high to low resistance region.  The current at 10 Ω resistance also increased   
(measured as shown on Table 5) as biofilm was established on the anode surface for all 
experiments. Currents and power densities at 10 Ω resistance from power density plots were 





Figure 16 – Power density plot (open symbols) and polarization plot (closed symbols). 
For space reasons only closed symbol key shown but symbol shape is same for 
the reactors for the power densities when the symbol is open. 
 
Currents at low resistances are good indicators of anaerobic respiration, where the anode 
acts as artificial final electron acceptor for electrogenic bacteria. Microbial electrolysis cells 
(MECs) which are operated at low (1 - 10 Ω) resistances utilize electrogenic bacteria, so one 
of the aims of this work was to check if anode from MFC producing high currents at 10 Ω 
region does produce more hydrogen when transferred into MEC.  
 
Pmax for BU     Pmax for AC 
84 
 
Similar plots to figure 17 (p. 84) can be produced for powers at low resistances and Pmax 
values depending on what data is needed to support results for a particular publication or 
patent.  
 
The error bars for these histograms in “Results” section 6 are based on variations from the 
average for experimental repeats (standard deviations) for experimental repeats (usually 3, 
see “Analysis” 4.7 and 4.8 and “Experimental Regime” section 5).    
  
 
Figure 17 – Histograms that shows a gradual increase in current (a) and power density 




























  (a)                                                                (b) 
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4.7.5 Experimental Methodology and Example Online Calculations for Microbial 
Electrolysis Cells (MECs) 
Calculations for the Performance Factors     
All performance factors, described in “Electrochemical Analysis Methods”  section 4.7, such 
as coulombic efficiency (CE), cathodic hydrogen recovery (rcat), see equation 51, overall 
hydrogen recovery (YH2), see equation 52, hydrogen yield with respect to the substrate 
consumed (YH2 per mol substrate destroyed), see equation 53, were calculated, from data obtained, as 
shown below, based on Logan (2008). The calculations were exactly the same as in “The 
Influence of pH and Temperature on Hydrogen Production in Continuous Flow Microbial 
Electrolysis Cell (MEC) Reactor “ with the only difference being the HRT, was changing from 
8.1 to 9.6 h instead of 9 h, because tubing was replaced. Calculations of CE and hydrogen 
yield were different for butyrate one molecule which requires 20 instead of 8 electrons (as 
required for one acetate molecule) to completely converted into hydrogen and carbon dioxide 
(Liu et al., 2005b, Cheng and Logan, 2007a). 
 
For daily performance factors calculations liquid and gas samples were collected every 24 
hours for microbial electrolysis cell operated on acetate (MEC AC) and for MEC operated on 
butyrate (MEC BU). Lets consider following experimental results: COD reduction of 240 mg 
COD L-1 obtained experimentally but initial COD reduction for 10 mmol L-1 acetate solution 
640 mg COD L-1. COD reduction (478 mg COD L-1) is obtained for butyrate experimentally, 
but initial 10 mmol L-1 butyrate solution gives 1625 mg COD L-1. Please see “Offline Analysis 
Methods”  (section 4.8) for detailed description of COD analysis, where the concentration of 
organic material is determined via indirect dichromate oxidation method where change in 
color. The gas production is 42 cm3 day-1 (MEC AC) and 65 cm3 day-1 (MEC BU) and currents 
measured across 1 Ω resistor are 9.2 A (MEC AC) and 11.7 A   (MEC BU). These specific 









1 mol H2 ≡
8
1 × F ≡
8
1 ×96500 c mol-1     Eq 55 





COD reduction (240 mg COD L-1) is obtained experimentally but initial 10 mmol L-1 acetate 
solution (640mg COD L-1), so 640 - 240 = 400 mg COD L-1 is consumed by the bacteria, a 
COD reduction of 400 / 640×100 = 62.5 % in 8.15 hours, time taken for the substrate solution 
to pass through the anode chamber in MEC reactor. COD reduction (478 mg COD L-1) is 
obtained experimentally but initial 10 mmol L-1 butyrate solution (1625 mg COD L-1), so 1625-   
- 478 = 1147 mg COD L-1 is consumed by the bacteria, a COD reduction of 1147 / 1628 × 
×100 = 70.5 % in 9.58 hours, time taken for the substrate solution to pass through the anode 
chamber in MEC reactor. 
 
Calculating COD Reduction in an Hour: 
 
[(COD degraded in 1h, mg COD)×(F, c mol-1) / (number of electrons needed for substrate 
oxidation)], represented by the equation below  (Logan, 2008, Logan et al., 2008):                 
 
For acetate: 
COD degraded in 1h = (COD in from 10 mmol L-1 acetate)×(anode chamber volume (L)/  
hydraulic retention time (HRT)) × (COD reduction %)=(640mg L-1) × (0.326L/8.15h) × 0.625= 
= 16.0 mg COD  (Logan, 2008, Logan et al., 2008). Eq 56 
 
For butyrate: 
COD degraded in 1h = (COD in from 20 mmol L-1 butyrate)×(anode chamber volume (L)/  
hydraulic retention time (HRT))×(COD reduction %)=(1625mgL-1)×(0.326L/9.58 h)×0.705= 
=39.0 mg COD  (Cheng and Logan, 2007a, Liu et al., 2005b). Eq 57 
 








9650016 = [I(mA)×3600], so [16×96500]÷[3600×8] =I (mA), for 1g COD Eq 58 
Current needed to convert acetate into water and CO2 =I (mA) = 53.6 mA acetate.  
Current observed across 1 Ω resistor is 9.2 mA, hence CE= (9.2/53.6)×100=17.2 % for acetate 
(Logan, 2008, Logan et al., 2008). 
 
For butyrate:                                                                                                                              





9650039 = [I(mA)×3600], so [39×96500]÷[3600×20] =I (mA), for 1g COD Eq 59            
Current needed to convert butyrate into water and CO2 =I (mA) = 52.3 mA  
 
Current observed across 1 Ω resistor is 11.7 mA, hence CE= (11.7 /52.3)×100 = 22.4 % 




ii) Calculation of Cathodic Hydrogen Recovery (rcat): 
 
From Faradays second law 2 F (Faradays) is required to liberate 1mol of hydrogen at the 
cathode (Logan, 2008, Logan et al., 2008), so current 9.2 mA produces 92 cm3 of hydrogen 




The cathodic hydrogen recovery is actual hydrogen production rate (42 cm3 day -1, measured 
experimentally) divided by the expected hydrogen production rate (92 cm3 day -1) = 45.6 %, 
for acetate (Logan, 2008, Logan et al., 2008).  
 
For butyrate: 
Actual hydrogen production rate (65 cm3 day -1) at pH 5.3 and the temperature 25 oC divided 
by the expected hydrogen production rate (117 cm3 day -1) = 55.5% for butyrate (Cheng and 
Logan, 2007a, Liu et al., 2005b). 
 
iii) Calculation of the Hydrogen Yield with Respect to the Substrate Consumed  
   (YH2 per mol substrate destroyed): 
 
1g COD ≡ 1400 cm3 of hydrogen produced at the cathode taken from standard operating 
procedure (SOP) manual calculated from equations in Gavala et al (2006), Logan (2008) and 
Logan et al (2008).   Eqs 1 
 
Calculating COD Reduction in 24 Hours: 
 
For acetate:                                                                                                                         
In a day, COD converted is COD converted in an hour×24 h= 16.0 mg×24h= 
=384 mg COD  (Logan, 2008, Logan et al., 2008) Eq 60 
 
For butyrate:                                                                                                                         
In a day, COD converted is 39 mg × 24h = 936.0 mg COD (Cheng and Logan, 2007a, Liu et al., 
2005b) Eq 61   
 









Calculating Hydrogen Yield from COD Reduction in 24 Hours: 
 
For acetate: 
Actual amount of hydrogen produced in a day is: (experimentally measured amount of 
hydrogen produced in a day)/((COD converted in a day)×(amount of hydrogen produced per 
gram of COD)= (42 cm3)/(0.384 g×1400)×100=7.8 %  
(Logan, 2008, Logan et al., 2008).   Eq 62 
 
In theory 1mol of acetate gives 4mol of hydrogen. 7.8×4/100=0.31mol mol-1 Eq 63 
 
For butyrate: 
Actual amount of hydrogen produced in a day is: (experimentally measured amount of 
hydrogen produced in a day)/((COD converted in a day)×(amount of hydrogen produced per 
gram of COD) = (65 cm3) / (0.936 g × 1400) × 100 = 5.0 %, for butyrate (Cheng and Logan, 
2007a, Liu et al., 2005b).                                                                         
 
In theory 1mol of butyrate gives 10 mol of hydrogen. Butyrate consumed and  






















4.8 Offline Analysis Methods  
4.8.1 Gas Composition Analysis 
 
The gas syringe was flushed 3 times with nitrogen prior to taking samples from the gas bags 
attached to the head space in the anode chamber on microbial fuel cells (MFCs) and anode 
and cathode chambers for the microbial electrolysis cells (MECs).   A sample of 5-10 cm3, 
depending on how much gas was produced was taken and injected into micro gas 
chromatographer (Varian Ltd, Walton-upon-Thames, UK). The syringe was flushed four times 
with the gas bag contents before the final sample was taken.  A Varian CP-4900 Micro-GC 
Varian Ltd, Walton-upon-Thames, UK) was used for the gas composition analysis. The GC 
was equipped with a thermal conductivity detector and two columns: a MolSieve 5Å Plot 
column which separates H2, CO, CH4, N2 and O2 ; and a HayeSep A, column which separates 
O2, CH4, C2H2, C2H4, C2H6 and CO2. The injected gas sample was split on both columns. The 
GC was operated at an oven temperature of 150oC and column pressure of 30 psi for the 
MolSieve 5Å Plot column and at an oven temperature of 60oC P, column pressure 20 psi for 
the HayeSep A column. The carrier gas was argon. By activating the start option within the 
data handling package, a vacuum pump drew the gas sample through a loop (10 µl) and then 
the injector injected the gas sample from the sample loop into the carrier gas stream. The run 
time was 1 minute. The GC was calibrated for H2, CO2, CH4 and N2 using calibration gases of 
the following compositions:  
 
Gas 1: 5%H2 and 95%N2 (BOC, Guildford, UK) 
Gas 2: 100%H2 (BOC, Guildford, UK) 
Gas 3: 40%CO2 and 60% CH4 (BOC, Guildford, UK) 
Gas 4: 100% CO2 (BOC, Guildford, UK) 
Gas 5: 10.047% H2, 30.256% N2, 27.764% CH4 and 31.933% CO2 (Scientific and Technical 
Gases Ltd., Newcastle-under-Lyme, UK) 
Gas 6: 19.901% H2, 30.150% N2 and 49.949% CH4 (Scientific and Technical Gases Ltd., 
Newcastle-under-Lyme, UK) 
 










4.8.2 Liquid Sample Analysis 
i) Inoculum Characterization  
 
Anaerobic digester sludge from a mesophilic sewage digester (Cog Moors Sewage 
Treatment Works, Cardiff, UK), was used as an inoculum. Typical total solids (TS) = 24.8 ± 
0.1g/L, ash content (TA) = 11.5 ± 0.1g/L, total volatile suspended solids (TVS) and pH 7.52, 
see “Offline Analysis Methods” (section 4.8) for details). The inoculum was stored for up to 7 
weeks, at room temperature, in a sealed vessel before use.  
ii) Total solids (TS)  
Total solids were determined for inoculums used for 10 cm3 homogeneous samples for the 
bioelectrochemical cells (BESs) by standard method APHA (1989). Total solids were 
determined by drying in an oven (Gallenkamp, Leicester, UK) to constant weight at 103 oC – 
105 oC. The increase in weight over that of the empty container represented the total solids. 
Because of the particulate nature of the samples, wide bore pipettes were used. Samples 
were analysed in duplicates. Duplicate samples were within ±5 % of their average and 
calculated via equation 64: 
 
mg total solids/L = 
V
BA 1000)( ×−  Eq 64 
 
where A = Weight of dried residue + dish, mg; B = Weight of empty dish, mg; V = sample 
volume, cm3. 
iii) Ash Content 
 
The ash content in dry inoculum samples was determined by the combustion of an oven dried 
sample. Three crucibles were pre-heated in a furnace at 550oC, cooled in a desiccator and 
weighed. Approximately 1 g of sample was transferred to each of the crucibles and dried at 
105oC to constant weight. The dried samples were then put in a furnace at 550 oC. After 3 
hours, the samples were removed, allowed to cool and placed in a desiccator. The residue 
was weighed when cooled to room temperature.  
 
Ash was determined from the equation:  
 





×100 Eq 65 




iv) Total Volatile Solids (TVS) 
Total volatile solids (TVS) are calculated by subtracting total ash (TA) from total solids (TS).  
 
Total volatile solids was determined from the equation:  
 
TVS(%) = TS(%) - TA(%) Eq 66 
For typical total solids (TS) = 24.8 ± 0.1g/L, ash content (TA) = 11.5 ± 0.1g/L total volatile 
solids (TVS) = TS – TA = (24.8 ± 0.1) – (11.5 ± 0.1) = 13.3 ± 0.1g/L 
v) Determination of Residual Sugars and Carbohydrates  
 
Soluble carbohydrates were determined spectrophotometrically. This method is based on the 
reaction where 5 carbon (pentoses) and 6 carbon (hexoses) sugars are converted into 
furfural and hydroxymethyl furfural (Gerhardt, 1994). Anthrone then reacts with the  furfurals 
to give coloured product with the colour intensity proportional to concentration. Samples were 
centrifuged in a Sorvall LegendTM T centrifuge (Kendro Laboratory Products Plc, Bishop’s 
Stortford, UK) for 5 minutes at 13400 x g and the supernatant diluted 100 times with 
deionised water. To 0.4 cm3 of the diluted solution of 5 % phenol in water solution and 2.5 
cm3 of concentrated sulphuric acid (98 % analytical grade from Fisher Scientific, 
Loughborough, UK) was added. The test tubes were allowed to stand for 10 minutes, then 
vortex mixed and allowed to stand for a further 20 minutes. The absorbance of the 
characteristic orange colour was measured at 490 nm using a Unicam UV 1 
spectrophotometer (Unicam, Cambridge, UK) against a reagent blank. The colour was stable 
for several hours and readings could be taken later if necessary. 
 
 
Figure 18 – Example of a calibration plot for determining the concentration of residual 
sugar (as sucrose).  
       Concentration (mg L-1) 
 
 
   















Concentrations were read off a calibration graph as shown in figure 18 made from standard 
solutions of sucrose. Determinations were made in triplicate. The accuracy of the method was 
within ±2%.  
vi) Tests on the Influent and Effluent Samples from Bioelectrochemical 
Systems Reactors  
 
Two samples per reactor (one 20 cm3 liquid influent and one 20 cm3 liquid effluent sample) 
were collected using 50 cm3 medical syringes from the liquid sampling ports on the reactors 
once per 7 days for microbial fuel cells (MFCs) and on daily basis for microbial electrolysis 
cells (MECs) and stored at -20 oC inside a commercial Bosch no frost fridge freezer, (Currys, 
Pontypridd, Wales, UK). Three 2 cm3 samples were removed from 20 cm3 bulk, prior to being 
placed in the freezer, as all tests were performed in triplicate, for chemical oxygen demand 
(COD), pH, conductivity as well as 1 cm3 sample was removed for DGGE computational 
analysis (DNA analysis to evaluate diversity of microbial communities).  If tests had to be 
repeated the frozen samples were removed from the freezer and allowed to defrost for 3 
hours in the laboratory up to the point of use.    
vii) Soluble Chemical Oxygen Demand (sCOD) 
The chemical oxygen demand (COD) test is commonly used to indirectly measure the degree 
of organic compounds  in water (APHA, 1989). The analysis is expressed in milligrams O2 per 
liter (mg L-1), which indicates the mass of oxygen consumed to oxidize the organic matter in a 
liter of solution. The COD indirect method relies on dichromate reduction where dichromate 
changes colour from orange (Cr6+) to green (Cr3+). The color change is proportional to the 
concentration of organics in wastewater. This oxidation process for organics in waste can be 












3c )H2 +cNH3  Eq 67 
 
This equation for oxidation can be simplified to Eq 68 for acetate and Eq 69 butyrate: 
 
CH3COO –(aq)+ H+(aq) +2O2(g) CO2(g)+H2O(l) Eq 68  
 
1 mol L-1                     (16×4) = 64 g 
 
20 m mol L-1                64×2/100=1.28 g L-1 = 128 0 mg L-1, experimental 1290-1300 mg L-1 
 
10 m mol L-1                64/100=0.64 g L-1 = 640 mg L-1, experimental 640-645 mg L-1 
 




CH3 CH2CH2COO –(aq) + H+(aq) +5O2(g) 4CO2(g)+4H2O(l) Eq 69     
                                                                                       
1 mol L-1                     (16×10) = 160 g 
 
20 mmol L-1                160×2/100=3.20 g L-1 = 3200 mg L-1, experimental 3200-3300 mg L-1 
 
10 mmol L-1                160/100=1.60 g L-1 = 1600 mg L-1, experimental 1600-1650 mg L-1 
 
5 mmol L-1                 (160/2)/100=0.800 g L-1 = 800 mg L-1, experimental 800-830 mg L-1             
 
The effluent required 30-60 % less oxygen COD (influent) – COD (effluent) is the amount of 
oxygen need to oxidise the organics consumed by the bacteria from which the amount of 
acetate or butyrate consumed by the bacteria can be calculated. 
 
2 cm3 of liquid from the 20 cm3 bulk sample for COD analysis was taken. Each sample was 
centrifuged in a Sorvall LegendP 76TM  T centrifuge (Kendro Laboratory Products Plc, 
Bishop’s Stortford, UK) for 10 minutes at 13400xg in order to remove traces of particulate 
solids. Each sample was diluted 0-2 times for acetate and 4-16 times for butyrate, with de-
ionized water, prior to the COD analysis to 200 - 640 mg L-1 for greater accuracy.  
 
Soluble COD (sCOD) was measured using a commercial method kit (Method 5220, HACH 
COD system, HACH Co., Loveland, CO, USA) derived from the standard method as 
described in APHA (1989). 2 cm3 of diluted sample was added to 1 disposable HACH vial 
containing COD solution.  The samples were heated on heating block at    110 oC for 2 hours 
and allowed to cool for 1 hour before the dichromate change in colour was analysed via 
spectrophotometer (DR 2700™ Portable Spectrophotometer, HACH, Loveland, CO, USA). 
viii) Volatile Fatty Acids (VFAs) 
 
Volatile fatty acid analysis (VFA),  for acetic, propionic, i-butyrate, n-butyrate, ivalerate and n-
valerate was performed to confirm and support the COD results. The VFAs were determined 
by the method of Cruwys et al (2002) using a Perkin Elmer HS 40 XL automatic headspace 
sampler connected to a Perkin Elmer Autosystem XL GC system (Perkin Elmer, 
Beaconsfield, UK). The determination was linear in the range 0 to 1000 mg L-1 (R2 > 0.99 for 
each acid) and the limit of detection was 4 mg L-1. To prepare the samples 1 cm3 of reactor 
sample, 1 cm3 of de-ionized water, 1 cm3 of NaHSO4 (62 % w/v) and 0.1 cm3 of 2 – 
ethylbutyric acid (1800 mg L-1, stored at 4 oC as internal standard) were pipetted into a 
standard 22.3 cm3 vial, fitted with PTBE septum. For higher concentrations of fatty acids     





In the headspace unit, vials were heated for 30 min until the fatty acids evaporated and the 
equilibrium between the gas and liquid phases was established at the boiling above the 
boiling temperature for n-valerate (187 oC). The needle connecting the column to the 
headspace in the vial was inserted through the septum and the headspace was filled with the 
carrier gas (nitrogen at 14 psi) for 3 min allowing pressure to build up and transfer the sample 
to the GC injection port. The sample injection period was 0.1 min. Each sample was followed 
with 2 washes, from sample vials containing de-ionized water instead of samples, to minimize 
sample carry over. The injection port was maintained at 200 and split flow of 5.0 cm3 / min. 
The column used was a free fatty acid phase fused-silica capillary column, initially at 60 oC, 
which was increased at 10 oC /min to 200 oC where it was held for 1 min. The detector was a 
flame ionization detector held at 250 oC. 
ix) pH and Conductivity Measurements 
 
pH and conductivity measurements were performed on sludge samples used as inoculum, 
influent and effluent samples from the reactors and used in the experiments and pH 
controllers were used to maintain pH in the cathode chambers of microbial electrolysis cells 
(MECs). The pH of the reactors was maintained at 5.0 - 5.5 by preparing the buffer solutions 
by adding 1.2 mol L-1 HCl (Sigma-Aldrich, Dorset, UK) to buffer solution S1 diluted by the 
factor of 2 (see “Materials and Methods” (section 4) for details) and replacing the media. For 
MFCs, the pH was measured using a pre-calibrated  Mettler-Toledo, Gmbh 860 or Thermo 
Orion, Hydrus 300 pH (Thermo Fischer Scientific Inc., MA) pH meters and the conductivity 
was measured using pre-calibrated Inlab 737 or Metller-Toledo, SG7, FK2 conductivity 
meters (Kyazze et al., 2007). The pH and conductivity of the reaction mixtures was also 
measured at the end of each weekly batch cycle, when the MFCs were operated in 
sequencing  batch (SBR) modes.  
4.8.3 Statistical Analysis 
 
All experiments were repeated 3 times, unless stated otherwise in the “Experimental Regime” 
section 5.  For both offline and online analysis standard deviations were calculated, where 
averages of experimental repeats for experiment n, n2 (repeat 1) and n2 (repeat 2) were 
added together and divided by 3  to create error bars on the graphs.  
4.8.4 Methods to Determine Mediator Adsorption on the Electrode Surface  
Two quantitative techniques were used to determine exactly how much mediator was 
adsorbed on the carbon anode surface. Adsorption of methylene blue (MB) and neutral red 
(NR) on carbon veil (plain carbon cloth, PRF composite materials, Dorset, UK) was 
determined by weight difference and the amount of dye remaining in the solution.  
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All dye adsorption experiments were performed in triplicate. Experiments 2 i - iii investigated 
MB or NR adsorption by change in sample weight and experiment 2 iv investigated how much 
MB or NR was remaining or coming off into the solution. The dye solutions were continuously 
stirred for 48 h before pieces of the carbon veil were placed in the dye solutions for 28 h. The 
carbon veils were then removed from the dye solutions and dried at 90 oC for 2 hours. The 
weight measurements were performed on dry carbon veils on 5 point balance (see 
“Determination of Electron Mediator Adsorption by Weight Difference” section on page 96).   
For UV absorption tests 10 cm3 solution sample was removed from each 1 L container, after 
carbon veil was removed, portions and tested for how much dye was still present in the 
solution. Solutions containing MB were scanned at 608 - 669 nm (base of the adsorption 
peak) and solutions containing NR were scanned at 529 - 571 nm (base of the adsorption 
peak) using a UV / Vis spectrophotometer (Lambda 25, model L6020060). The adsorptions 
for the tops of the peaks can shift, so points at the base were selected (see “Methods to 
Determine Mediator was Adsorption on the Electrode Surface”, section 4.8.4).   
 
Experiments 2i - 2iv 
 
(MB) and (NR) solutions of concentrations of 0.94 mmol L-1, 1.25 mmol L-1 and 1.56 mmol L-1 
(i.e. 3 × 3 = 9 solutions of each concentration at 1 L per carbon veil sample) were prepared 
and a piece of carbon veil (material from which the carbon anode was made) were cut from 
the roll, weight ≈ 0.1 - 0.15 g, 13 cm2 in size,  placed into either the methylene blue (MB) or 
neutral red (NR) solution, 1 L, pH 5.5, for 28 hours.  
 
For experiment 2ii (MB) and (NR) solutions of concentrations 0.94 mmol L-1, 1.25 mmol L-1 
and 1.56 mmol L-1 (3 × 3 = 9 solutions of each concentration) were prepared the same as in 
experiment 2 i with each carbon veil piece being  conditioned at pH 12 used instead of pH 
5.5. 
 
For experiment 2iii (MB) and (NR) solutions of concentrations 0.94 mmol L-1, 1.25 mmol L-1 
and 1.56 mmol L-1 (3×3=9 solutions of each concentration) were prepared the same as in 
experiment 2ii with each carbon veil piece being previously conditioned in NaOH, pH 5.5, for 
28 hours prior to being placed into dye solution.  
 
For experiment (2iv), each piece of carbon veil, form experiments 2i, 2ii and 2iii, was placed 
into dye free, phosphate buffer solution (S1, see “Materials and Methods” section 4 for 
preparation details), 13 cm2, pH 5.5, for 28 hours, and dried at 90 oC, for 2 hours. UV 
spectroscopy and weight difference were used to determine how much, methylene blue (MB) 
or neutral red (NR) came off on the buffer solution. This was repeated 3 times, until MB or NR 




Determination of Electron Mediator Adsorption by Weight Difference  
 
For weight difference experiments each carbon veil was removed from the solution and dried 
at 90 oC (Gallenkamp, Hotbox Oven with Fan), for 2 hours at the end of 28 hour experiments 
2i, 2ii and 2iii and after each 24 hour wash for experiment 2iv. The weight measurements 
were performed on a 5 point balance (Mettler Toledo AE 163, analytical digital scale 
balance). For experiments 2i, 2ii and 2iii initial weight of each sample was determined and the 
difference Wfinal -Winitial = Wadsobed. For experiment 2iv the weight of methylene blue (MB) or 
neutral red (NR) permanently adsorbed was determined as follows:  
 
Wadsobed - Wwash 1 - Wwash 2 - Wwash 3 - Wwash 4 = Wpermanently adsorbed Eq 70 
 
Determination of Electron Mediator Adsorption by UV Spectrospcopy 
 
Before experiments were started linear calibration plots were produced for ten solutions of 
known concentrations as shown on Table 6. The calibration plots  have R2 values ≥ 98, which 
indicates that points fit into a straight line with good accuracy. 
 
All calibration plots were expected to obey Beer Lamberts law: A = εCl Eq 71                                     
where A = absorbance (no units), C = concentration (mmol L-1),  l = path length (distance 
between cuvette walls=1cm) and ε = extinction coefficient.  
 
The solutions were later diluted × 50 for methylene blue (MB) and × 10 for neutral red (NR) to 
meet the detection limits for the UV spectrometer. Only 7 from 11 points were needed for the 
calibration plots as written in the instruction manual, so seven points that best fitted the trend 
lines where used for the calibration plots (Table 6, Fig. 21 a and Fig. 21 b).  
 
Table 6 – The concentrations (mmol L-1) and amounts of dye used to prepare 
methylene blue (MB) and neutral red (NR) solutions.  
 
mmolL-1 0 0.47 0.63 0.78 0.94 1.09 1.25 1.40 1.41 1.56 1.72 
gL-1(MB) 0 0.15 0.20 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 
gL-1(NR) 0 0.14 0.18 0.22 0.27 0.31 0.36 0.41 0.45 0.50 0.54 
 
UV absorption for known dye concentrations (Table 6, Fig. 21 and Fig. 21b) from the 
calibration plot (Cinitial) values were compared to MB and NR concentrations after carbon veil 





Concentration of MB or NR adsorbed (Cadsobed) was determined via equation:                        
 
Cfinal - Cinitial = Cadsobed                             Eq 72  
 
Cfinal values were determined for Experoments 2i – iii to confirm tests by weight difference. 
 
For the leaching experiment 2iv, the concentration of dye in the buffer Cwash 1, Cwash 2, Cwash 3 
and Cwash4 were determined. The buffer solutions, containing unknown concentrations of 
methylene blue, which leached from the carbon veils were diluted: - 1st wash × 10, 2nd wash × 
1, 3rd wash × 1, 4th wash × 1 and scanned. The concentration of dye methylene blue (MB) or 
neutral red (NR) permanently adsorbed on the carbon surface was calculated as:  
 









































5. Experimental Regime  
5.1 The Influence of Catholyte pH and Temperature on the Hydrogen 
Production in Microbial Electrolysis Cell (MEC) 
Batch Start up and Continuous Flow MFC Operation  
 
Batch start up (when the sludge containing bacteria was added at time = 0 to the nutrient 
electrolyte mixture, when the MFC was assembled. During batch start up (1st two weeks 
approx. (16 days) of batch operation) the anodes for the two microbial fuel cells (MFCs 1 and 
2 (control)) with untreated carbon cloth (UCC) anodes were inoculated with anaerobically 
digested sludge (20 % v/v) obtained from a local wastewater treatment plant (Cog Moors, 
Cardiff, UK). The media supplied to the anode chamber consisted of 30 mmol L-1 CH3COONa 
and feedstock solution (FS), as described in “Method for Preparing Feed Stock Solution (FS) 
used for Reactor Operation” section 4.6. Another 2 MFCs (MFCs 3 and 4) were prepared 
without sludge.   
 
The start-up stage ended when the sediments in the anode chamber were removed and 
replaced with fresh anode media, without further sludge addition, once a week, for 4 weeks 
(30 days), if the start up period is included, with 150 Ω applied resistance. The influent had a 
pH of 7.0 and a conductivity of 7.24 mS cm-1.   
Continuous Operation in Microbial Electrolysis Cell (MEC) Mode 
 
Anodes acclimated to acetate for 4 weeks (30 days) in MFC mode were then removed and 
placed into two tubular microbial electrolysis cells (MECs) operated at a 9 h hydraulic 
retention time (HRT) (time it takes for the substrate to move through the anode chamber).  All 
MECs were assembled as described in “Materials and Methods” section 4. They were 
connected to a 3 Ω resistors, so that the potential differences, and hence the current through 
the circuits, between the anodes and cathodes could be logged on line (see “Electrochemical 
Analysis Methods” section 4.7). The reactor was operated at room temperature at 23±1.4 oC 
(temperature controller switched off) and the pH was maintained at 7, in the anode chamber. 
The MEC cells for were operated on 10 mmol L-1 acetate for 48 days (weeks 4-11, days 30-
78), until hydrogen production became stable at the applied voltage of 600 mV.  
 
Experiment 1.1 lasted from week 11 till week 21 (from day 78 to day 149). The voltages of 
600 and 850 mV were applied between anode and cathode. In the first experiment (weeks 
11-15, days 78-108), pH in the cathode chamber was decreased to 5, increased to 7 and 




Experiment 1.1 lasted from week 11 till week 13, days 78-93.  Experiment 1.1i was a repeat 
of experiment 1.1 at an applied voltage 850 mV (weeks 13-15, days 93-108).  
 
For experiment 1.2 (weeks 17-21, days 117-149) experiments 1.1 and 1.1i were repeated to 
confirm the results. There was a break of approx. 1.2 weeks, 9 days between experiments 
1.1 and 1.2 (weeks 15-17, days 108-117) and a delay of 6 days before experiment 1.3 
(weeks 21-22, days 149-155). During these periods the abiotic cathode compartment was 
drained and fresh electrolyte solution S1, (adjusted to pH 7) was added, (prepared as 
described in “Materials and Methods”, section 4).  
 
In experiment 1.3 (weeks 22-30, days 155-211) the effect of temperature on the hydrogen 
production was investigated. Temperature 30±1.4 oC was applied (weeks 22-23, days 155-    
-167), 43±0.4 oC (weeks 23-25, days 167-177), 50±3.0 oC  (weeks 25-26, days 177-187) and 
room temperature 23±1.4 oC (weeks 26-28, days 187-201, temperature controller switched 
off). Cold water from refrigerator was circulated through the silicone tubes wound around 
cathode chamber on MEC and connected to the flow temperature controller, for weeks 28-30, 
days 201-211 to maintain the temperature at 19±1.2 oC. (see Materials and Methods for 
further details). 
 
In experiment 1.4 (weeks 31-39, days 218-274) experiment 1.3 was repeated to confirm the 
results. There was a 7 day break between experiments 1.3 and 1.4  (weeks 30-31, days 211-
218). During these periods the abiotic cathode compartment was drained and fresh 
electrolyte solution S1, pH 7 was added, prepared, as described in “Method for Preparing 

















5.2 The Effect of Immobilized Methylene Blue and Neutral Red on the Current 
Production in Microbial Fuel Cell (MFC)  
Batch Start up and Sequencing  Batch MFC Operation  
 
In experiment 2 (see “Results” section 6, for details) various methods for methylene blue and 
neutral red passive adsorption methods were tested. When the best method for mediator 
adsorption was determined three methylene blue and three neutral red treated anodes were 
prepared.  
 
For experiment 2.1 the anodes for nine  MFCs (three with untreated carbon cloth anodes 
(UCC), three with methylene blue treated carbon cloth anodes (MB) and three with neutral 
red treated carbon cloth anodes (NR)) were inoculated with anaerobically digested sludge 
(20% v/v) obtained from a local wastewater treatment plant (Cog Moors, Cardiff, UK). During 
the start-up (time t=0 weeks, when sludge containing bacteria was added to nutrient 
electrolyte mixture, when MFCs were assembled), the media supplied to the anode chamber 
consisted of 20 mmol L-1 CH3COONa and feedstock solution (FS), as described in “Method 
for Preparing Feed Stock Solution (FS) used for Reactor Operation” section 4.6.  
 
After start-up, the sediments in the anode chamber were removed and replaced with fresh 
anode media, without sludge, once a week, for 15 weeks (105 days), 17 weeks if start up is 
included, at 150 Ω resistance and temperature 23±2 oC. The influent had a pH of 7.0 and a 
conductivity of 7.23 mS cm-1.  At the beginning of week 22 the temperature was increased 
from 23±2 oC to 35.5 oC and the power densities were recorded. On week 23 the temperature 
was decreased from 35.5 oC to 8 oC and the power densities were recorded.   Experiment 2.2 
















5.3 The Influence of Changes in Acetate and Butyrate Concentrations and Full 
Substrate Switch on Gas Production from Two Microbial Electrolysis Cells 
(MECs) Acclimated to either Acetate or  Butyrate 
Batch Start up and Continuous Flow MFC Operation  
 
For experiment 3.1 the anodes for six MFCs (three MFCs (AC) and three MFCs (BU)) were 
inoculated with anaerobically digested sludge (20 % v/v) obtained from a local  wastewater 
treatment plant (Cog Moors, Cardiff, UK). During the start-up (when sludge containing 
bacteria was added at time zero, t = 0 weeks). The media supplied to the anode chamber to 
each MFC consisted of  20 mmol L-1 (CH3COONa, for the MFC reactor AC or CH3 CH2 
CH2COONa, for the MFC reactor BU) and feedstock solution (FS), as described in “Materials 
and Methods”, section 4.  
 
After start-up, the sediments in the anode chamber were removed and replaced with fresh 
anode media, without sludge, once a week, for 8 weeks (56 days) or 9 weeks if start up is 
included, at 1000 Ω resistance. The influent had a pH of 7.0 and a conductivity of               
7.24 mS cm-1.   
Continuous Operation of Microbial Electrolysis Cell (MEC) Operation  
 
For experiment 3.2 and 3.3 best performing anode acclimated to acetate (AC) and another 
butyrate (BU), for 9 weeks, were the removed and placed into two tubular MECs and 
operated at 8 h HRT (time it takes for the substrate to move through the anode chamber).  
Only 2 pilot MEC reactors were available and could be operated at the same time. All MECs 
were assembled as described in “Materials and Methods” section 4, however the difference 
was that the cathode electrode, attached to anion exchange membrane was placed between 
two stainless steel mesh sheets (200 mesh, 0.07 mm aperture, Mesh Direct, Burslem, UK) to 
improve cathodic conductivity. Both MECs AC and BU were connected to 1Ω resistors, so 
that the potential differences, and hence the current through the circuits, between the anodes 
and cathodes could be logged on line. The temperature was maintained at 29±3 oC to allow 
highest possible gas production and pH was kept at 7, in the anode chamber, as described in 
“Results” section 6. In the cathode chamber pH was kept at 5.3 and 26 g L-1 of NaCl was 
added to the electrolyte, in the cathode chambers only, in both reactors to prevent cathodic 
methanogenesis in both AC and BU reactors. The MEC cells for were operated on               
20 mmol L-1 acetate (MEC AC) or butyrate (MEC BU) for 15 days (weeks 9 -11, days 65-80), 




Two reactors, MEC (AC) and MEC (BU), were later used for experiments 3.2 and 3.3, which 
lasted weeks 11-18 (from day 80 to day 130), where the voltage of 850mV was applied 
between anode and cathode. In the experiment 3.2 (weeks 11-13, days 80-95) substrate 
concentration was decreased. During weeks 11-13 (days 80-95), the acetate (MEC AC) or 
butyrate (MEC BU) concentration, in the feedstock, was 20 mmol L-1, and decreased to 10 
and 5 mmol L-1. These concentrations were maintained for 5 day periods to allow microbial 
culture to acclimate to each concentration.  For experiment 3.3 (weeks 13-15, days 95-105)  
acetate for MEC (AC) and butyrate for MEC (BU) were replaced with 10 mmol L-1 acetate and 
10 mmol L-1 butyrate mixture, for 5 days (weeks 13-14, days 95-100) and fully switched to    
20 mmol L-1  pure butyrate or acetate solution (5 day full substrate switch, weeks 14-15, days 
100-105).  
 
In the Experiment 3.2i and 3.3i (weeks 15-18, days 105-130) Experiments 3.2 and 3.3 were 
repeated. The gas produced was collected by the displacement of water saturated with 
sodium chloride. The gas composition in the anode and cathode chambers using two 



















5.4 The Comparison of Four Anode Types and their Effect on the Voltage 
Production in Microbial Fuel Cells (MFCs) and Hydrogen Production in 
Microbial Electrolysis Cells (MECs) 
 
Batch Start up and Continuous Flow MFC Operation  
 
Batch start up (1st  2 week, 16 day batch operation after sludge containing bacteria was 
added at time t = 0 weeks). The anodes for eight MFCs (3 with untreated carbon cloth anode 
(UCC), control 1), 3 with carbon cloth stainless steel cloth anode roll (RR), 3 with carbon cloth 
J cloth anode roll (JC, control 2) and methylene blue treated carbon cloth roll anode (MB, MBi 
if contains microbial culture acclimated to 1000 Ω resistance) prepared as described in 
“Materials and Methods”, section 4) were inoculated with anaerobically digested sludge (20% 
v/v) obtained from a local wastewater treatment plant (Cog Moors, Cardiff, UK). During the 
start-up period weeks 1-2), the media supplied to the anode chamber consisted of 40 mmol L-
1 CH3COONa and feedstock solution (FS), as described in “Method for Preparing Feed Stock 
Solution (FS) used for Reactor Operation” section 4.6.  
 
After start-up, the sediments in the anode chamber were removed and replaced with fresh 
anode media, without sludge, once a week, for experiment 4.1 which lasted for 5 weeks (35 
days), 7 weeks if start up is included, at 1000 Ω resistance. The influent had a pH of 7.0 and 
a conductivity of 7.24 mS cm-1.   
Continuous Operation in Microbial Electrolysis Cell (MEC) Operation 
 
Anodes acclimated to acetate for 7 weeks (one best performing from 3 of each, 1 UCC, 1 RR, 
1 JC and 1 MBi) were the removed and placed into two tubular microbial electrolysis  (MECs) 
and operated at 8 h HRT (time it takes for the substrate to move through the anode 
chamber).  Only 4 MECs could be operated at the same time. All MECs were assembled as 
described in “Materials and Methods” section 4, however the difference was that the cathode 
electrode, attached to anion exchange membrane was placed between two stainless steel 
mesh sheets (200 mesh, 0.07 mm aperture, Mesh Direct, Burslem, UK) to improve cathodic 
conductivity. All MECs were connected to 1 Ω resistors, so that the potential differences, and 
hence the current through the circuits, between the anodes and cathodes could be logged on 
line. The temperature was maintained at 29±3 oC for optimal gas production and pH was kept 
at 5.3, in the anode chamber, as described in “Results” section 6. The MEC cells for were 
operated on 20 mmol L-1 acetate for 15 days (weeks 7-9, days 49-63), until hydrogen 




Four reactors, UCC, RR, JC and MBi, were later used for experiments 4.2 and 4.2 i, which 
lasted weeks 9-12 (from day 63 to day 88), where the voltage of 850 mV was applied 
between anode and cathode. In experiment 4.2 (week 9-12, days 63-88), weeks 9-11 (days 
63-78), the acetate concentration, in the feed stock, was 20 mmol L-1, and decreased to 10 
and 5 mmol L-1 (5 day periods to allow microbial culture to acclimate to each concentration), 
replaced with 10 mmol L-1 acetate and 10 mmol L-1 butyrate mixture, for 5 days, (week 11, 
days 78-83) and operated on 20 mmol L-1  butyrate (weeks 11-12, days 83-88).  
 
In experiment 4.2 i (weeks 13 - 17, days 95 - 120) experiment 4.2 was repeated. The gas 
produced was collected by the displacement of water saturated with sodium chloride. The gas 
composition in the anode and cathode chambers using two separate gas samples on a daily 






























6.1 The Influence of Temperature and Catholyte pH on the Hydrogen 
Production in Microbial Electrolysis Cells (MECs) 
 
The objective for this experiment was to build and operate a continuously fed 1 L microbial 
electrolysis cell and evaluate the effect of pH in the abiotic cathode chamber on pH gradient 
losses, hydrogen production rate and the effect of temperature on gas production rate in 
MECs. In order to prepare the anodes two, 200 cm3 microbial fuel cells (MFCs 1 and 2) were 
built and operated for 4 weeks (30 days) at 150 Ω resistance and a room temperature         
(23±1.4 oC). The anodes were removed from MFCs on day 30 and placed into 326 cm3 anode 
chambers in two tubular MECs and operated at a 9 h hydraulic retention time (HRT). 
Currents, pH and temperature were logged on line, as described in “Electrochemical Analysis 
Methods” (section 4.7) at 1 second intervals. All MECs were assembled as described in 
“Materials and Methods” section 4.6 with the 150 Ω resistor replaced with a 3 Ω resistor to 
minimize the energy input into the system. This also enabled the potential differences, and 
hence the current through the circuits, between the anodes and cathodes to be logged on 
line. The MECs were operated for 7 weeks, 48 days (weeks 4-11, days 30-78), until the 
hydrogen production rate became stable. MFCs 3 and 4 (prepared without sludge inoculum) 
did not produce any current. When the anodes from control MFCs 3 and 4 were placed into 
the microbial electrolysis cells (MECs) no gas was produced and no COD reduction was 
observed.  
6.1.1  The Influence of pH on the MEC Performance 
 
The effect of pH 5, pH 7 and pH 9 at an applied voltage of 600 mV (experiments 1.1) was 
evaluated and repeated at an applied voltage of 850 mV (experiment 1.1 i). In experiment 
1.1, the pH in the cathode chamber, which was maintained at pH 7, was decreased to pH 5, 
increased to pH 7 and than increased again to pH 9, for 5 day periods per pH. The pH in the 
anode chamber remained the same, at a pH of 7. In experiments 1.2 and 1.2 i, which were 
repetitions of 1.1 and 1.1 i designed to confirm the findings. The aim of this experiment was to 
reduce the pH gradient losses and to find the optimal pH for gas production in the cathode 
chamber. Daily hydrogen production and cathode current densities were logged on line from 





  Error bars represent variations from the average for n experimental repeats (n=2). 
 
Figure 19 – Influence of pH (19 a) and the current density (19 b) on the hydrogen 
production rate.  
 
The pH in the cathode chamber influenced hydrogen production rate as did the voltage 
applied. When a voltage of 850 mV was applied, it accompanied the highest hydrogen 
production rate and highest current density at pH 5 (Fig. 19 a and Fig. 19 b). Figures 19 a 
and b show that at 850 mV, the hydrogen production rate (cm3 L(anode)-1 day-1) and 
corresponding current densities were: 199±3 cm3, 1.93±0.33 A m-2 (pH 5, n=2); 150±15.5 
cm3, 1.68±0.08 A m-2 (pH7, n=2); 183±42.5 cm3, 1.70±0.16 A m-2, (pH9, n=2) respectively, 





An applied voltage of 600 mV accompanied lower hydrogen production rates but the effect of 
catalyte pH was more significant at the applied voltage of 600 mV than at 850 mV (Fig. 19 a 
and Fig. 19 b). At the applied voltage 600 mV, the hydrogen production rates and 
corresponding current densities in the cathode (cm3 L(anode)-1 day-1) were 99 ± 16.5 cm3, 1.45 ± 
0.16 A m-2 (pH 5, n = 2); 0 cm3, 0 A m-2  (pH7, n = 2) and 38.5 ± 11 cm3, 0.6 9 ± 0.0 A m-2  
(pH 9, n = 2) respectively (Fig. 19 a and Fig. 19 b). 
 
Performance factors such as coulombic efficiency (CE), cathodic hydrogen recovery (rcat), 
which relates current to hydrogen production, hydrogen recovery  (YH2 per mol substrate destroyed) and  
COD reduction (see Table 7 and “Electrochemical Analysis Methods” section 4.7, for more 
detailed information). The changes in pH in the cathode chamber had an effect on the 
hydrogen production rate (Table 7; Fig 19 a and Fig. 19 b) and associated parameters but 
COD reduction (Table 8) only changed when pH was changed to from pH 7 to pH 9 at 600 
mV. 
 
Table 7 – The variation of CE, rcat and the overall hydrogen yield with pH and the 
voltage applied. 
 
  600 mV   850 mV  
 pH 5 pH 7 pH 9 pH 5 pH 7 pH 9 
CE (%) 40 28 54 60 52 57 
cathodic hydrogen recovery rcat (%) 32 2.5 25 45 39 47 
overall hydrogen yield per mol of 
acetate (mol/mol) 
0.52 0.13 0.5 1.1 0.81 1.0 
 highest volumetric production  
(cm3 L(anode)-1 day-1 ) 
92 0 61 200 153 190 
All performance factors for highest gas productions and currents 
See figure 19 for details 
 
The highest volumetric hydrogen production 200 cm3 L(anode)-1 day-1 and highest yield of 1.1 
mol / mol were observed at pH 5 at 850 mV (Table 7). Other important performance factors 
such as hydrogen yield per mol substrate destroyed and coulombic efficiencies (CEs), which 
show how much substrate is converted into current in the system follow same trend as 
hydrogen production rate. Hydrogen yield values, which depend on the volumetric hydrogen 
production, were affected more strongly than CEs (Table 7) but COD reductions (the amount 
of substrate consumed by bacteria) remained roughly the same (between 25% and 37%) as 




COD reductions between 27% and 37% were observed when the reactor with pH 5 at the 
applied voltage 600mV was increased to pH 7. A further increase in pH was followed by 18% 
drop in COD reduction at pH 9 (Table 8). The hydrogen production rate and  hydrogen yields 
decreased with increase in pH with highest values observed at pH 5, lowest values observed 
at pH 7 and slight increase at pH 9 (Table 7).  A slight increase in anode and cathode 
potentials, which did not follow the same trend as hydrogen production rate and  hydrogen 
yields at 600 mV and 850 mV was seen as the pH was increased from 5 to 9 (Table 8).  
 
Table 8 – The COD reduction values for MECs at cathodic and anodic potentials vs 
Ag/AgCl reference electrode of 600 mV and 850 mV. 
 



























dosed  per 
day (cm3) 
5 32±5 (2) -52±20 -652±20 9±1.4 (2) 30.5±5 (2) -100±18 -750±20 6.5±1(2) 
7 30±2 (2) -150±86 -750±86 5.4±1.7 (2) 31±6 (2) -170±2 -1020±15 5.0±0(2) 
9 12±5 (2) -256± 44 -856±44 7.1±2.5 (2) 29.7±7 (2) -213±55 -1056±44 7.2±0.7(2) 
± refers to the variation from the average for (2) experimental repeats  
(see “Offline Analysis Methods, section 4.8”) 
 
A comparison of hydrogen yields from the continuous flow MECs (Table 7) to literature values 
(Table A-2.5 – Table A-2.7 in “Appendix A-2” section 9.2) indicates that there is still a need to 
further improve the efficiency of MECs in order to produce overall yields ≥ 2 mol of hydrogen 
per mol of acetate (mol/mol), as described by Logan (2004 a). The volumetric hydrogen 
production and hydrogen yield per mol of acetate converted into hydrogen is comparable to 
the hydrogen production rates (measured as volumetric hydrogen production per day) 
reaching 300 cm3 L-1(anode) day-1 reported by Rozendal et al (2007) for MEC with 3.3 L anode 
chamber and a yield of for a MEC with 1m3 anode chamber by Cusick et al (2011). More 
recently MECs with anode chamber volumes 120 L and 2 L were reported to average 
hydrogen production rate of 15 cm3  L-1(anode) day-1 (Heidrich et al., 2013) and 45 cm3  L-1(anode)  
day-1 (Gil-Carrera et al., 2013) respectively, which are considerably lower than the values 
reported here. Apart from the problem of methanogenesis in the anode and a low cathodic 
hydrogen recovery, low COD reduction in MECs (Table 8) needs improvement  to produce 





6.1.2 The Influence of Temperature on the MEC Performance  
The influence of catholyte temperature on the hydrogen production rate in microbial 
electrolysis cell (MEC) was investigated. Temperatures 19 oC, 23, oC 30 oC, 43 oC and 53 oC 
were tested (experiment 1.3) by decreasing the temperature from 23 ± 1.4 oC to 19 ± 1.2 oC 
and then increasing it from 19 ± 1.2 oC to 50 ± 3.0 oC for five day periods, for each 
temperature, and then decreasing it back to 23 ± 1.4 oC (Fig. 20 a and Fig. 20 b).   
Temperature (oC)


























































MEC reactor at 




Error bars represent variations from the average for n experimental repeats (n=2). 
 
Figure 20 – Influence of temperature on the hydrogen production rate (20 a) and 





The results in Fig. 20 a and Fig. 20 b show that the increase in temperature from 19 oC to    
31 oC (mesophilic conditions) increased the hydrogen production rate and current density          
(A m-2), with the highest hydrogen production rate obtained at 31 oC (as shown in the three 
temperature points i-iii), where n refers to the number of experimental repeats:-  
 
i) At 19 ± 1.2 oC the hydrogen production rate was 1.60 ± 1.4 0 cm3 L(anode)-1 day-1    
(n =2) shown in figure 20 a, with a current density of 0.88 ± 0.02 A m-2 (Fig. 20 b).  
 
ii) At 23 ± 1.4 oC the hydrogen production rate increased to 124 ± 5.00 cm3 L(anode)-1 
day-1 (n=2) shown in figure 20 a, with a current density of 1.31 ± 0.04 A m-2       
(Fig. 20 b).  
 
iii) At 30 ± 1.4 oC the maximum hydrogen production rate  was achieved amounting to             
174 ± 5.00 cm3 L(anode)-1 day-1 (n=2) shown in figure 20 a, with a current density                   
of 1.69 ± 0.04 A m-2 (Fig. 20 b).  
 
A further increase in temperature from 42 oC to 53 oC (thermophilic conditions) decreased the 
hydrogen production rate and current density (A m-2) further with the lowest rate of hydrogen 
produced at 53 oC (see the two temperature points below iv-v):- 
 
iv) At 43 ± 0.4 oC the hydrogen production rate was 2.10 ± 1.90 cm3 L(anode)-1 day-1 
(n=2) shown in figure 20 a, current density 0.25 ± 0.05 A m-2 (Fig. 20 b).  
 
v) At 50 ± 3.0 oC the hydrogen production rate was 1.10 ± 0.90 cm3 L(anode)-1 day-1 
(n=2) shown in figure 20 a, current density 0.28 ± 0.03 A m-2 (Fig. 20 b). 
6.1.3 Discussion  
This work can be split into two parts:- (i) where the effect of pH on the hydrogen production 
rate was investigated and (ii) where the effect of temperature on the hydrogen production rate 
was investigated:- 
 
i) The aim of this work was to assess how changes in the pH of the abiotic cathode 
chamber effect hydrogen production rate and how other performance factors such 
as current density, COD reduction (the amount of substrate consumed) and pH of 
the anode chamber (separated from cathode via cation exchange membrane). 
The effect of applied voltage on the hydrogen production rate was previously 
investigated by Rozendal et al (2008b), see Table A-2.6 in Appendix A-2 section 
9.2. According to author’s knowledge, the relationship between pH changes, the 
current and hydrogen production rate has not been assessed in detail before.  
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Experimental findings, such as the effect of catholyte pH on the current density 
being more significant at the lower applied voltage of 600 mV than at 850 mV have 
not been reported previously in literature.   
 
ii) The highest volumetric hydrogen production was obtained at an applied voltage of 
850 mV, pH 5cathode amounting to 200 cm3 L(anode)-1 day-1 (n=2, for MEC1) (a 
coulombic efficiency of 60 %, a H2 (anode) yield of 1.1 mol / mol (acetate) and a COD 
reduction of 30.5 %). Since volumetric hydrogen production is directly proportional 
to the current density in the MEC cell it is expected that at higher applied voltages 
will produce more hydrogen (Logan, 2008). It could also be suggested that 
hydrogen production rate becomes more dependant on the pH gradient losses as 
the voltage applied is decreased. Lower pH results in an increase in hydrogen 
protons (Bard and Faulkner, 1976), which are converted into hydrogen, so the 
gradual decrease in hydrogen production rate would be expected, when the pH is 
increased (Logan, 2008). The drop in hydrogen production rate (measured as 5 
consecutive daily volumetric hydrogen productions per pH) at pH 7, which was 
lower than hydrogen production rate at pH 9, still can not yet be explained since 
the same a linear decrease in hydrogen production rate is expected but the same 
as the abrupt drop in hydrogen production rate was observed for MECs 1 and 2 
(control) when the experiment was repeated. These results also showed that a 
lower pH in the cathode chamber improves the hydrogen production rate and that 
pH control at lower pH levels may be needed if the potentials applied to MECs are 
to be minimised. These result were as described in the published work by Kyazze 
et al., (2010) from data in this thesis.  
 
iii) The effect of temperature on the hydrogen production rate from the microbial 
electrolysis process was investigated by increasing the temperature from              
19 oC to 30 oC and then to 43 oC and 50  oC. Temperature changes were 
investigated over a 5 day (0.7 week) periods. The relationship between the 
increase in the current density and the increase in the hydrogen production rate, 
cm3 L(anode)-1 day-1, for 5 day period during which a particular temperature was used 
(Fig.19 a – Fig. 19 b and Fig. 20 a – Fig.  20 b) is not an original finding, previously 
reported by Logan et al (2008). At the temperature of 30 oC, the  highest hydrogen 
production rate was observed in the systems tested.  The performance of the 
however the MEC reactor being significantly lower at 50 oC.  The reactor was 
enriched from a mesophilic culture and exhibits a typical response of mesophilic 
cultures in that activity increases until a maxima is reached around 40 oC with then 
a subsequent decline as the temperature increases beyond 40 oC, as shown by 
Lettinga et al (2001) in anaerobic digestion.   
112 
 
The cell was not operated between 30 - 35 oC as this would lead to a significant 
degree of competition from methanogens in the cell. Experiments  were operated 
outside this range to determine an optimum temperature for hydrogen production 
rate and would not favour mesophilic methangens significantly. 
6.1.4 Conclusion 
 
A novel continuous flow microbial electrolysis cell (MEC) was designed, assembled and the 
operating conditions that gave the highest hydrogen production rate were determined. All 
performance factors were assessed in detail with highest hydrogen production rate observed 
at the temperature of 30 oC at a cathode chamber pH of 5.  It was important to assess the 
response of a mixed microbial culture grown from sludge inoculum to different temperature 
changes so that a suitable temperature for the further development and implementation of 
industrial scale MECs. The hydrogen producing bacterial consortium was determined to 
predominantly mesophilic in character, with temperatures above 35 oC and below 19 oC 
inhibiting the hydrogen production rate, as shown in figure 20. Lower anode also 
overpotentials developed at lower temperatures due to better mass transfer capabilities. With 
coulombic efficiencies ranging from 57 % to 62 % at an applied voltage of 850 mV and 
cathode pH 5, the highest hydrogen yield 1.1 mol(hydrogen) mol(acetate)-1, corresponding to 
volumetric production of 200 cm3 L(anode)-1 day-1 were comparable to results reported in 
literature Table A-2.7 in Appendix A-2 section 9.2. There is however room for improvement 
with lower daily hydrogen production rate observed for larger, 6.6 L systems with hydrogen 
production of 20 cm3 L(anode)-1 day-1, (molar yield not specified) by Rozendal et al (2006b), see 
Table A-2.7 in Appendix A-2 section 9.2. The performance of MFCs, for example, can be 
enhanced by addition of artificial electron carriers (electron mediators), see Table A-2 in 
Appendix A-2.2 section 9.2, but have not been extensively used for MECs.  
 
Hydrogen production rate at   600 mV and at temperatures as low as 19 - 23 oC as well as at 
43 and 50 ± 3.0  oC was also shown to be possible, as mentioned in “Results” (sections 6.1.2 
- 6.1.3). For a larger scale continuous flow system to be used with typical industrial waste 
waters, this could make the process  more efficient in terms of the energy consumption, as 
the  industrial wastewaters are produced at ambient temperatures.   
 
It was also shown that the current density, which is proportional to the hydrogen production, 
could be logged continuously on line and was successfully used to monitor MEC 
performance. This would allow industrially deployed units to be monitored and controlled by 




6.2 The Effect of Immobilized Methylene Blue and Neutral Red on the Current 
Production in Microbial Fuel Cells (MFCs) 
 
The purpose of this experiment was to investigate the effect of immobilized mediators on the 
performance of bioelectrical systems (BESs). Microbial fuel cells (MFCs), BESs that convert 
the chemical energy into electricity were chosen for this experiment as a relatively quick way 
of determining the effect of immobilized mediators on electrogenic activity and can be 
compared to a relatively large body of information where soluble mediators have been used. 
The voltage produced by a MFC can be used to calculate the efficiency with which organics 
in the feedstock were converted into electricity by the exoelectrogenic bacteria on the anode 
surface. Voltage generation, power density and the percentage of substrate consumed by 
bacteria in MFCs (standard MFC performance factors) were also assessed. Cyclic 
voltammetry and UV spectroscopy were used to determine how much electron mediator was 
adsorbed on the electrode surface (described in “Methods to Determine how Much Mediator 
was Adsorbed on the Electrode Surface” (section 4.8.4) in greater detail).  
 
All MFC reactors were run under the same conditions. Temperature was maintained at      
23±2 oC (room temperature) and pH of the solution containing substrate (20 mmol L-1 acetate) 
was maintained at pH 7. All sequencing  batch mode reactors (SBR) (Mohan et al., 2008a, 
Logan et al., 2009b) were operated in MFC mode for 50 weeks, seven months, and refilled 
once a week after two week start up (MFC operation with sludge in them). The reason MFCs 
were operated for such a long period of time was to allow the development of a biofilm on the 
anode surface and colonization being a slow process that can be split into bacterial to the 
anode surface attachment during two week start up (MFC operation with sludge) and the 
development of mature biofilm, after the sludge was removed, can take several month to 
complete (Hall-Stoodley et al., 2004, Xie et al., 2010). Performance factors, such as voltage 
production, power density; coulombic efficiency (CE) and energy recovery were calculated as 
shown in “Electrochemical Analysis Methods” section 4.7.  
6.2.1 Dye Adsorption Tests Preformed Prior to the Experimental Run 
Two quantitative techniques were used to determine exactly how much dye was adsorbed on 
the carbon anode surface. Adsorption of methylene blue (MB) and neutral red (NR) on carbon 
veil was determined by weight difference and the amount of dye adsorbed on the carbon 
surface (experiments 2 I - iii). Experiment 2 iv investigated how much dye was coming of into 
the solution. Before Experiments 2 i – iv calibrations plots were produced as described in 
“Offline Analysis Methods” section 4.8.4.  
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The calibration plots (Fig. 21 a and Fig. 21 b) had R2 values ≈ 99, which indicates that points 
fit into a straight line with high degree of accuracy (see Table 6 for concentration and 
absorbance peaks scanned to plot the calibration graphs). 
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The aim of these experiments was to determine how much dye remained in solution and then 
to determine how much dye was coming off in 4 sequential washes, which were applied until 
no dye was coming off at pH 5.5 (experiment 2i). Experiments 2 ii – iii were designed to 
access the effect of increase in pH from 5.5 to 12 on methylene blue (MB) and neutral red 
(NR) adsorptions on the material from which the carbon anodes for microbial fuel cells 
(MFCs) were made.  All methodology is described at the end of “Offline Analysis Methods” 
section 4.8. UV adsorption tests showed that at pH 12, similar amounts of MB ≈ 1.23 ± 0.23 
mg cm-2 were initially adsorbed, after 4 washes however ≈ 0.54 mg cm-2 remained for 
material treated with MB at pH 12 and ≈ 0.23 ± 0.1 mg cm-2 remained for material treated with 
MB at pH 5.5. Determination of amounts of MB adsorbed by weigh difference produced 
similar results to UV spectroscopy analysis with more variability and confirmed this 
observation.  
 
The results for UV spectrophotometry analysis and determination of MB adsorbed by weight 
difference were included into (Fig. 22 a – Fig. 22 d) with error bars being variations from the 
average (standard deviations) for results obtained via UV spectroscopy and changes in 
weights. Figure 22 shows the amounts of dye adsorbed on the carbon veil surfaces from  
1.56 mmol L-1  solutions at different pHs (22 a and 22 b) and from 0.94 mmol L-1,                 
1.25 mmol L-1, 1.56 mmol L-1  dye solutions (22 c and 22 d) at pH 5.5. 6 samples were for 
each concentration (3 determined via UV adsorption changes in dye solution into which the 
samples were placed and 3 determined by weight differences for MB and neutral red (NR) 
solutions). The experimental results (Fig. 22 a – Fig. 22 d) showed that the increase in pH 
increases the dye adsorption from dye and buffer solution. 


























Figure 21  – Examples of calibration curves for determining the concentrations of 
methylene blue (MB) and neutral red (NR).  
 
(MB)                                                                        (NR) 
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Error bars represent variations from the average for n experimental repeats (n=3) 
 
Figure 22 – The effect of increase in concentration (a and b) and pH (c and d) on the 
amounts of dye adsorbed on the carbon veil surfaces.  
 
Similar results were previously obtained by Foo and Hameed (2012), Hameed et al (2008), 
who used activated charcoal to remove methylene blue from the wastewater. According to 
our knowledge however no similar work was attempted with carbon veils used as anode 
material for microbial fuel cells (MFC) nor has it been attempted to investigate if immobilized 
electron mediator could enhance the performance of MFC for prolonged time periods in 





(a)                                                                     (b) 
(c)                                                                          (d) 
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6.2.2 Cyclic Voltammetry Tests for Determination of Dye Concentration on the 
Anodes and Presence of Cytochromes in the Effluent Samples  
 
Cyclic voltammery (CV) can be used to confirm if methylene blue (MB) or neutral red (NR) 
was adsorbed on the carbon anode surface, if the adsorption was strong or weak and even to 
confirm the presence of presence of exoelectrogenic bacteria in the effluent samples. Most 
exoelectrogeic proteobacteria species contain cytochrome enzymes, which produce oxidation 
and reduction peaks which could be detected by CV.  
 
CV allows to confirm passive adsorption of electron mediators, such as methylene blue (MB) 
or neutral red (NR) on the carbon veil anode surface solution (Bard and Faulkner, 1976). It is 
however impossible to determine exactly how much mediator was adsorbed on the carbon 
anode surface, therefore it’s referred to as a qualitative technique. The presence of so-called 
pre or post peaks confirms strong adsorption. Pre peaks indicate that adsorbed mediator has 
slightly lower redox potential than mediator in the solution and post peaks indicate slightly 
higher redox potential for the adsorbed mediator compared to mediator in the solution (Bard 
and Faulkner, 1976). When weak adsorption occurs a larger and wider peak is observed for 
CV spectrum for the carbon anode in the mediator solution compared to that for the anode in 
the mediator solution where no adsorption occurs.     
 
In order to investigate physico-chemisorption of MB on the carbon electrode, cyclic 
voltammetry tests were conducted, as described in “Electrochemical Analysis Methods” 
section 4.7. Figure 23 shows reduction and oxidation peaks were obtained from MB treated 
carbon electrode at pH12 (0.69 mA at -0.13 V and -0.85 mA at -0.29 V, respectively), 
compared to those for the same material treated at pH5.5 (0.10 mA at -0.20 V and -0.38 mA 
at -0.27 V, respectively) and 1.34 mmol L-1 MB in solution (0.10 mA at 0.20 V and -0. 23 mA 
at 0.14 V, respectively). The peaks at (-0.13 V at 0.69 mA and -0.29 V at -0.85 mA) shown in 
figure 23 for the MB treated carbon veil anode at pH 12 and (-0.20 V at 0.10 mA and -0.27 V 
at -0.38 mA) for the MB treated carbon veil anode at pH 5.5 (Fig. 23) are pre-peaks observed 
for strongly adsorbed substance on the carbon veil anode surface (Bard and Faulkner, 1976). 
Small peaks for MB electrode treated at pH 12 (0.20 mA at 0.3 V and -0.16 mA at 0.2 V) 
shown in figure 23 could be contributed to the mediator dissolving back into the solution from 
the electrode surface. The reason that peaks for MB in solution were not present, was 
because the MB treated electrode was washed in 4 sequential buffer aliquots, as described in 
“Offline Analysis Methods” section 4.8.  
 
It is highly unlikely that any mediator that could dissolve back into the solution would remain 
on the carbon veil anode surface after four 28 hour washes with buffer solution as previously 
described in experiment 2 ii in “Experimental Regime” section 5.  
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The control untreated carbon veil anode, in buffer solution S1 produced no redox peaks.  CV 
analysis was only performed on methylene blue (MB) treated anode samples since it was 
shown to improve microbial fuel cell (MFC) performance, as described in “Electrochemical 
Analysis Methods” section 4.7. 
 
 
The dashed lines connect the oxidation and reduction peaks of MB. 
 
Figure 23 – Cyclic voltammogram showing methylene blue (MB) pre-treated carbon 
electrodes as compared to control and MB in solution.  
 
Cyclic voltammetry is also a useful tool in detecting redox peaks for cytochromes in effluent 
samples or to discern whether or not bacteria use redox shuttles in order to transfer their 
electrons. It could also be argued that mediators such as methylene blue (MB) and neutral 
red (NR) promote the growth of exoelectrogenic bacteria, such as Geobacter, for example. If 
this is true then the effluent from the microbial fuel cells (MFCs) with mediator treated anodes 
will contain more cytochrome enzymes, which are present in membranes of many 
exoelectrogenic bacteria (Logan, 2009) compared to MFCs with untreated carbon veil 
anodes.  





Figure 24 – Cyclic voltammogram of MFC effluent of  MFC effluent containing 
  bacteria, with MB and NR and carbon only (control). 
 
The aim of analyzing effluent samples from the MFCs in weeks 15-20 after the beginning of 
batch operation was to see if the effluent samples from MFCs with mediator treated anodes 
produced taller cytochome oxidation peaks (Fig. 24), since it was very unlikely that any 
mediator was coming off after 15-20 sequencing  batch (SBR) operational cycles. All samples 
were prepared and all CV tests were carried out as described in the “Electrochemical 
Analysis Methods” section 4.7. 
 
The results showed taller peaks in the cytochrome voltammogram region at -0.02 V and 
0.042 mA for the MFC with MB treated anodes, which supports the hypothesis that effluent 










6.2.3 Microbial Fuel Cell (MFC) Operation 
 
i) Time Dependant Voltage Plots: 
 
For experiment 2.1, the voltage was monitored manually once a day across a 150 Ω resistor 
at room temperature (23±2 oC) using a multimeter (Fluke 115 low input impedance 
multimeter) and logged manually once daily  for each of the 3 replicate MFCs. The average of  
the readings from the three experimental replicates  is represented by a single data point on 
the plot shown in figure 25. Before describing the data it is important to mention that when the 
voltage readings are described at a particular resistance the power obtained from that 
resistance was  added in the text description next to the voltage values for the sake of clarity 
and facilitate interstudy comparison. In the text n refers to the number of experimental 
repeats for all the data points for voltages are averages of 1 reading from 3 replicate reactors 
and ± values refer to voltage fluctuations on the plot. Figure 25 shows the development of 
voltage generation in the MFC with adsorbed MB and NR treated carbon electrode, 
compared to a control with an untreated carbon anode. For the MFCs with the MB modified 
anodes the voltage generation began to noticeably increase from 6 days after the sludge was 
placed into the acetate / buffer solution (Fig. 25), reaching 153 ± 10 mV (0.78 ± 0.01 W m-3), 
on week 2, day 8; and slowly increased/stabilized at 286 ± 20 mV (2.73 ± 0.01 W m-3), on day 
20, in week 3.  
 
All values on this figure are averages of n experimental repeats (n=3). 
 
Figure 25 – The development of voltages in MFCs with immobilized MB and NR 
compared to a control without mediator over 21 week operation.  
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In the later period of the experiment from days 23 – 71 in weeks 3-10; the voltage 
continuously increased and reached 366 ± 30 mV (4.47 ± 0.03 W m-3) on day 118, week 16; 
and then stabilized at 353 ± 20 mV (4.15 ± 0.01 W m-3) on day 154; (week 22), with a 150 Ω 
resistance.  
 
The NR treated carbon electrode, however, showed a relatively low voltage for 154 days     
(22 week) period (Fig. 25). The voltage slowly increased from 0.45 ± 0.2 mV (0±0 W m-3) on     
week 1, (days 1-5), to 43.4 ±20 mV (0.6±0.01 W m-3) on day 23, week 3, and stabilized at   
40±10 mV (0.6±0 W m-3) on days 28-63, week 4-8, slowly stabilising at 280 ± 30 mV (2.61 ± 
±0.03 W m-3) on days 140 – 154, weeks 20 - 22. 
 
The control (UCC, without mediator) showed a lag phase of 1 week (8 days), then rapidly 
increased and stabilized to approximately 301.7 ± 30 mV (3.03 ± 0.03 W m-3) on week 2, day 
19, (see figure 25 for details). In the later period of the experiment (weeks 3 - 10, days 23 - 
71), the voltage slowly increased and subsequently peaked at 338 mV ± 30 mV (3.81 ±                  
± 0.03  W m-3) on day 141, week 21.  
 
ii) Coulombic Efficiency (CE) and Energy Efficiency:  
 
One of the aims of microbial fuel cell (MFC) research is to extract as many electrons as 
possible and to recover as much energy as possible from the available biomass substrate. 
The coulombic efficiency (CE) and energy efficiency for sequencing sequencing batch (SBR) 
operation were calculated, as previously described in “Electrochemical Analysis Methods” 
section 4.7. Table 9 represents coulombic efficiency (CE) and energy recovery (E) values 
observed for the MFC with a MB treated anode and control at 150 Ω resistance. Coulombs 
recovered (CEp) and energy recovered (Ep) were added for comparison purposes. The MFCs 
with MB treated anodes had the highest CE and E values (Table 9) that were 4% higher than 
the control, at 150 Ω resistance.   
        
Table 9 – Comparison of coulombic efficiency (CE) and energy recovery (E) values for 
MFCs fed with acetate (20 mmol L-1). 
 
Resistance  CEp (c) CE (%) Ep (J) E (%) 
 control (UCC) 2408 78 728 21 
150Ω MB 2532 82 770 22 
 NR 1637 53 385 11 
CEt (AC) = 3088 c, Et (AC) = 3501 J 







It could be argued, however that if a lower resistance was used, such as 60 Ω resistor CE 
values would be much higher for the MFC with MB treated anodes (as described in a 
“Electrochemical Analysis Methods” section 4.7). The reason, a 60 Ω resistor was not used 
for this experiment was because it was designed to compare to work previously published by 
Kim et al (2009b) and Kim et al (2010).   
                                                                                    
iii) Power Density Monitoring: 
 
Knowing the coulombic efficiency (CE) and energy recovery (E) does not sufficiently describe 
how the power is generated by specific microbial fuel cell (MFC) architecture. Power is 
normalized across the volume of the anode chamber or anode surface area and is another 
performance factor, which has to be assessed to perform comparative evaluation. Power 
density plots (Fig. 26) were created as described in “Electrochemical Analysis Methods” 
section 4.7 and examples with detailed calculations. For each power density plot the 
resistance was increased to the open circuit resistance (∞), for 2 hours, and decreased to the  
lowest resistance 10 Ω, for 1 hour periods. All values for figures 25 and 26 were calculated 
from as the average for n experimental repeats (n=3) voltages used to calculate powers and 
cell potentials.    
 
 
All values are calculated average voltage values for n experimental repeats (n=3) voltages.   
 
Figure 26 – Comparison of voltages (closed symbols) corresponding to highest power 
densities (open symbols) for MFCs with MB and NR immobilized carbon electrode on 
day 118. For space reasons only closed symbol key shown but symbol shape is same for the 




This experiment was operated over 21 weeks, after the voltage output for MFC (MB) 
stabilized at 323±20 mV, (n=3) with 150 Ω resistance (Fig. 27). The power densities at low 
resistances were measured once a week, (as described in “Electrochemical Analysis 
Methods” section 4.7). Power densities and currents at a 40 Ω resistance (resistance was 
dropped from 150 to 10 Ω once a week were used to produce figure 26 as explained in 
section 4.7.4 in greater detail) were used to produce figures 27 a and 27 b. A 40 Ω resistance 
was chosen for figure 27 because it was the resistance at which the highest power densities 
and currents were recorded on week 20 (Fig. 26).  
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Control MFC reactor  40ohms
MFC reactor (MB) 40ohms  
MFC reactor (NR) 40ohms
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Control MFC reactor 40ohms
MFC reactor (MB) 40ohms  
MFC reactor (NR) 40ohms
 
 
Error bars represent  variations from the average for n experimental repeats (n=3) 
 
Figure 27 – Comparison of power densities (27 a) and currents (27 b) for control MFC 































Figures 27 a and 27 b show the increase in current production and power density observed 
for the MFC with MB treated anode. The MFC with MB treated anode was shown to produce 
3 times more maximum power during initial 4 weeks compared to control and two times as 
much as control on weeks 15 – 21. The methylene blue treated anode had long lasting 
positive effect on power current production and allowed power to develop faster reaching 
steady state after 4 weeks compared to control (15 weeks). MFCs with neutral red (NR) 
treated anodes also reached steady state after 4 weeks with inhibitory effect on electricity 
production (approximately 3-4 times less than control).  
The purpose of the temperature variation experiments was to determine if the biofilm grown 
at room temperature was mesophilic and to determine if the MFCs with MB treated anodes 
still performed better at different temperatures. The temperature experiments were carried out 
on week 21 (Fig. 28), when the highest power density was recorded at room temperature 
(23±2 oC) for MFC (MB) Pmax = 8.7 Wm-3 (6.6 mA) and MFC (NR) Pmax = 2.63 W m-3 (2.29 
mA) as shown in figure 27, as compared to MFC (control) Pmax = 4.5 W m-3 (4.7 mA). A series 
of pilot experiments were carried out to determine the initial temperature range tested in this 
experiment (data not shown). Temperatures above 40 oC and below 7 oC were shown to 
irreversibly reduce the voltage production, the power densities and the substrate consumption 
for MFCs. For the temperature control, experiments the temperature was initially increased to 
35.5 oC  (highest temperature found to be tolerated by bacteria in this study) for a week 
(power density was recorded on the last day of that week) and then decreased to 8 oC for a 
week and power density was recorded again on the last day (see “Experimental Regime” 
section 5 for details). The peak power was higher by a factor of two for the MFC with MB 
treated anode compared to the control, as well as the power densities at low load resistance 
and high current regions. The highest power density for MFC (MB) Pmax = 11.78 W m-3 (7.5 
mA) was obtained as compared to MFC (control) Pmax = 5.3 W m-3 (5.2 mA) and MFC (NR) 
Pmax = 3.06 W m-3 (3.19 mA) at 35 oC (Fig. 28). The lowest power density Pmax for MFC (MB) 
= 7.3 W m-3 (6.05 mA) was obtained as compared to MFC (control) Pmax  = 4.05 W m-3 (4.5 
mA) and MFC (NR) Pmax = 2.46 W m-3 (2.21 mA) at 8 oC. The increase in the maximum power 
densities with MB treated carbon electrode was more pronounced compared to those of the 
control and NR electrode, when the temperature was increased from 8 to 35.5 oC (Fig. 28)  
simultaneously. Also, no methane production occurred indicating lower methanogenic activity 
with MB electrode (Table 10). The results shown in figure 28 are comparable to other reports 
that investigated the influence of temperature on microbial fuel cell performance (Catal et al., 







All values are calculated for average voltages for n experimental repeats (n=3).   
 
Figure 28 – Comparison of currents to voltages (closed symbols) and power densities 
(open symbols) for MFCs at different temperatures on day 118. For space reasons only 
closed symbol key shown but symbol shape is same for the reactors for the power densities 






iv) VFA Removal Rates: 
 
The percentage VFA (predominately acetate) removal  for the microbial fuel cells (MFCs) with 
either control, methylene blue (MB) or neutral red (NR) treated carbon electrodes are shown 
in figure 29. It shows that similar amounts of substrate were consumed by the bacteria but the 
voltage (Fig. 25) and the power produced by MFCs was different (Fig. 26 – Fig. 27b). As 
shown on in figure 29 initial average VFA removal (%)  values in the MFCs were 7.4 mg / L  / 
day (9.7 %, n = 3  where error bars which refer to the number experimental repeats) for the 
control; 30 mg / L / day (39.7 %, n = 3) for NR, and 23 mg / L / day (30.5 %, n = 3) with MB 
treated carbon anodes, respectively. Higher percentage VFA removal  in the MFC with MB 
treated carbon anode was accompanied by a higher voltage generation during the initial 
increase in voltage over days 5 - 16 in the start-up Period. The percentage VFA removal  
increased for all reactors, for example from 9.7% to 87 % (67mg / L / day, n = 3) for the 
control MFC, from 30.5 to 83 % (63 mg / L / day, n = 3) for the MB MFC and 39.7 to 82 % 
(63mg / L / day, n = 3) for NR MFC. 
 
 
Error bars represent variations from the average for n experimental repeats (n=3) 
 
Figure 29 – VFA removal (%) in MFCs with MB, NR modified anodes and a control, with 









v) Comparison of Gas Production: 
 
The purpose of monitoring gas composition of the headspace in microbial fuel cells (MFCs) 
was to determine the amount of methane given off by the MFC. This may explain the small 
voltage production combined with high percentage VFA removal (substrate consumption) in 
particular cells or experiments. Methane producing archaea act as electron sinks for 
electricity producing bacteria, so a high methane percentage in the headspace combined with 
low voltage production indicates presence of archaea in MFCs (Wang et al., 2009a, 
Parameswaran et al., 2011).  
 
The amount of gas produced was very small in these experiments. The headspace size, 
inside the reactor, was 12.56 cm3 in volume. It was periodically exposed to air, when the 
substrate was replaced. Then it would be expected to have 2.64 cm3 of oxygen present in the 
head space, since air contains 21% oxygen (Dominguez et al., 2004). The gas analysis 
showed that the oxygen in the samples was largely consumed, as shown in Table 10. The 
nitrogen percentage in the gas in all reactors was almost the same as that in air, without 
oxygen. This suggests that the oxygen was consumed by aerobic bacteria. It is reasonable to 
suggest:- that the biofilm had complex structure and contained both aerobic and anaerobic 
bacteria. The voltage output in microbial fuel cell is a good indicator that the electrogenic 
bacteria are utilizing the substrate (Dietel et al., 1983). Since there are no aerobic 
electrogenic bacteria identified to date and the voltage went up and stabilized after one, 
sometimes two days, it is reasonable to suggest that the process was occurring in two 
stages. 
 
The first stage occurred when the oxygen was consumed by aerobic bacteria and then, when 
the voltage went up, the anaerobic environment was created favorable for the metabolism of 
exoelectrogenic bacteria. An increase in methane production was seen on day 7 and it then 
decreased after the sludge was removed and replaced with fresh media on day 14 (Table 10) 
and was also accompanied by a low carbon dioxide concentration which could be attributable 
to hydrogenotrophic methanogenesis (Tartakovsky et al., 2008, Rozendal et al., 2008b). 
Methanogenic activity decreased significantly from days 14 to 147 (data not shown), in the 
MFC containing an MB treated carbon anodes, while 0.07 - 0.14 % of methane was detected 
in the control and the NR treated carbon anode MFC. An increase in carbon dioxide 
production on day 7 was also accompanied by an increase in VFA removal (Fig. 29), voltage 







Table 10 – The average values for gas compositions over time.  
 
 
  Time 
 (weeks) 
 Material / treatment   H2  (%)  O2 (%) N2  (%) CH4 (%) CO2 (%) 
 
Total gas volume 
(cm3 day-1) 
 NR / carbon anode 0 0 80.5±5 2.5±0.5 0.44 ±0.2 0.5±0.1 
1 MB / carbon anode 0 0 83.1±7 4 ±1 0.39±0.2 0.4±0.1 
 control (carbon electrode) 0 0 77.3±3 0.3±0.1 1.01±1 0.5±0.1 
 NR / carbon anode 0 0 76.5±5 0 2.05±0.9 5±2 
2 MB / carbon anode 0 0 77±5 0 1.83±0.5 1.75±5 
 control (carbon electrode) 0 0 77±5 0 0.76±0.1 2.4±0.7 
 NR / carbon anode 0.02±0.01 0 75±5 0.14±0.02 1.05±0.3 1.05±0.6 
22 MB / carbon anode 0 0 77±2 0 4.56±0.5 8±2 
 control (carbon electrode) 0 0 74±5 0.1±0.02 0.89±0.1 0.5±0.1 




Up to 0.54 mg cm-2 of MB was successfully and permanently adsorbed from a 1.56 mmol L-1 
MB solution on the carbon veil electrode surface when pH of the buffer solution was changed 
to pH 12 for 28 h compared to 0.23 mg cm-2 mg adsorbed at pH 5.5 during 28 h period. This 
was confirmed by determining how much dye was adsorbed from the buffer / dye solution on 
the carbon surface (Fig. 22) and cyclic voltammetry (CV) data (Fig. 23). Although MB has 
been used as a mediator in many studies (Daniel et al., 2009, Wang et al., 2010c, Mohan et 
al., 2008b), immobilization of MB on the electrode by a physico-chemical adsorption of pH 
shifting has not been done before in microbial fuel cells (MFCs). This could be a feasible 
activation method for carbon electrodes for electrogenic bacteria, which could simultaneously 
treat contaminated wastewater (e.g. dye), and generate electrical power (Fernando et al., 
2014). The increase in MB concentration in buffer solution and the increase in pH from 7 to 
12 for 28 hours facilitated dye adsorption onto thecarbon veil electrode. The reason for higher 
MB adsorption at higher pH could be that H+ ions are significantly smaller than other cation 
groups and more likely to cluster around sligtly negatively charged carbon fibres due to 
presence of delocolized electrons, as shown in figure 9 (Senthilkumaar et al., 2005). It is 
likely that MB, in its ionic form, interacts with delocolized electrons on carbon at higher pH, 
when the concentration is H+ protons is small. These results are confirmed by the studies on 
MB adsorption on saw dust (Hameed et al., 2007a, Hameed et al., 2007b) to form an 




NR was poorly adsorbed on the carbon suface (Fig. 22) at pH 12. This can be explained by 
Henderson–Hasselbalch equation describes the derivation of pH as a measure of acidity 
(using pKa, the negative log): 
 
pKa+log10 ((NR)/(NR+H)=pH Eq 74                                               
 
where pKa  is acid dissociation constant (a quantitative measure of the strength of an acid in 
solution, no units); (NR)/(NR+H) is the ratio of reduced NR molecules to oxidized NR 
molecules and the pH is a unit less measure of the acidity or basicity of an aqueous.  
 
If specific pKa  value for (NR) = 6.8, than, at pH = 6, (NR)/(NR+H) = 1 (no units) and if pH = 
=12 than (NR)/(NR+H) = 1 × 106 (no units). This shows that more neutral red (NR) stays in its 
non polar NR form, if pH is increased.  If pH is decreased more NR stays in NR+H form. NR 
also seemed not to be efficient in the methods used here for electricity production (Fig 25 –
Fig. 28), though NR can also be  immobilized and be an effective electron mediator, as 




Figure 30 – Molecular structure of MB (30 a) and dissociation equation for neutral red 
(NR) (pKa = 6.8) (30 b). 
 
The voltages (Fig. 25) indicate that the adsorbed methylene blue (MB) mediator can facilitate 
rapid initial voltage development in MFCs. When the biofilm developed on the anode 
electrodes, the average voltage outputs observed (average for all voltage readings recorded 
from day 71 to day 154) were almost the same for the MFCs with MB treated carbon 
electrodes and the control (313 and 309 mV, respectively). The neutral red (NR) treated 
carbon electrode showed significantly lower average voltage output (223 mV) from day 71 to 
day 154.  
 
The VFA removal rates (Fig. 29) were similar for MB and NR treated electrodes, yet CE 
values (Table 9), voltage (Fig. 25) and power densities (Fig. 25 – Fig. 28) were lower for 








The comparison of VFA removal rates to electricity production at this time suggested but not 
fully confirmed that NR had an inhibitory effect on electricity production that has not been 
reported in literature before. The proposed reason for inferior performance is that NR made 
anode into poor electron acceptor promoting growth of archaea which act as electron sinks 
for electricity producing bacteria.  
 
The power density was monitored on a weekly basis and was shown to slowly increase with 
time (Fig. 27). All microbial fuel cells MFCs were operated at room temperature (23±2 oC) 
with highest power densities recorded on weeks 19, 20 and 21, at 40 Ω resistance, when the 
resistance was increased to open circuit and decreased every hour (see Table 10 and 
“Analysis” for details). The peak power density Pmax (MB) was twice as high as Pmax (control) 
which was twice as high as Pmax (NR) (Fig. 28). The percentage of volatile fatty acids (VFAs, 
in this case acetate) was almost exactly the same on weeks 15-21 (days 105-150) as shown 
in figure 29.  It is likely that this was because of the limited electron current flow between the 
bacteria and electrode (Logan et al., 2006). The increased power density at higher current 
obtained in MB treated carbon supports the hypothesis that immobilized MB improves the 
electron transport from the bacteria to the anode.  
 
The aim of temperature controlled experiment,  performed  at the end of week 21 (see 
“Experimental Regime” section 5 for details) was designed to investigate the effect of 
temperature on microbial culture grown in mesophilic conditions, at room temperature so that 
data obtained could be compared to results previously obtained by the same team, already 
published in literature (Michie et al., 2011, Kim et al., 2009b). The enzymatic activity for 
enzymes in mesophilic bacteria decreases with decrease in temperature and the increase in 
temperature above 40 oC - 45 oC causes enzymes to be denatured. The experiments confirm 
that the temperature range 30 oC - 35 oC is considered to be optimal for most mespohilic 
bacteria, as in published work by Popov et al (2012) in greater detail. As shown on Table 9 
energy recovery (E) values follow the same trend as coulombic efficiency (CE) values.  
 
It could be suggested that most of energy recovered from the substrate is diverted to other 
metabolic processes than electricity production Strikanth and Venkata Mohan (2012), Logan 
(2009). Microbial fuel cells MFCs were operated for 21 weeks (21 batch operations) because 
the biofilm on the anode surface takes a long time to establish. After the initial adhesion of the 
bacteria driven by weak Van der Waals forces (Busscher et al., 1992) during 1st two weeks, 
before substrate and sludge in electrolyte are discarded (see “Experimental Regime“ section 
5 for details) the biofilm continues to colonize the anode surface through microbial division 




This experiment was however was not designed to control these mechanisms but to facilitate 
the electron transfer from exoelectrogenic bacteria to the anode surface. Since anaerobically 
digested sludge was used as inoculum, mixed biofilm consisting of archaea, exoelectrogenic 
and non exoelectrogenic bacteria. It could be argued that microbial fuel cells (MFCs) 
containing MB treated anodes facilitated electron transfer from bacteria to anodes and there 
was natural selection towards higher percentage of exoelectrogenic bacteria in the mixed 
biofilm consortium on the anode surface. Cyclic voltammetry (CV) analysis of effluents (see 
“Electrochemical Analysis Methods” section 4.7 for details) supports this theory since effluent 
samples from MFCs with MB treated MFCs show taller cytochrome peaks. Results for three 
samples obtained per reactor (3 controls, 3MFCs with MB treated anodes and 3 MFCs with 
NR treated anodes) showed higher oxidation peaks for microbial fuel cells with MB treated 
anodes (4.36×10-2 mA at -0.026 V) compared to the NR (1.97×10-2 mA at -0.077 V) and 
control (1.94×10-2 mA at -0.080 V) as shown in figure 24. To test this hypothesis would 
require molecular biology analysis of samples to confirm CV results.   
 
The gas composition analysis results imply that electrogenesis was activated while 
methanogenesis decreased, facilitated by an increased electron transfer rate in the MFC, 
when using the MB treated carbon anode (Table 10). CE values for MB treated anode and 
control were slightly higher for MB treated anode, at 150 Ω resistance (Table 9). These values 
show once again that microbial fuel cells (MFCs) with NR treated anodes performed worse 
than MFCs with MB treated anodes and control (Fig. 25 – Fig. 28). These results show that 
NR seemed to have inhibitory effect on current generation, which according to our knowledge 
was not reported in literature before. This result combined with small volumes of methane 
detected ≈ 2 × 10-3 cm-3 in 13 cm3 head space, on weekly basis (0 cm3 for MB and control), 
suggests that NR prevented electron transport from bacteria to anode and therefore 
promoted growth of methanogenic archaea which act as electron sinks for electricity 
producing bacteria. Further research however needs to be done in order to identify how MB 
and NR treatment affects the growth and diversity of mixed culture in the biofilms growing on 
the anode surface.   
  
Considering there are so many different types of microbial fuel cell (MFC) around it’s hard to 
make a comparison (Tables A-2.1- A-2.4 “Appendix A-2” section 9.2).  To make an exact 
comparison the microbial culture, materials used, the size of the reactors and the composition 
of the media have to be the same. A small MFC, for example, has the power density that 
appears to be higher if converted from W mm-3 to W m-3, because the distance between 
anode and cathode is small. If the size of the device is increased its power density would be 
smaller than expected, because the distance between the electrodes increases and the 




Resistance between the cathode and the anode in MFC is another important factor that has 
to be taken into the account because it can influence the proportion of exoelectrogenic 
bacteria in the biofilm (Katuri et al., 2011), with lower resistances such as 60-100 Ω producing 
highest currents and power densities. Mixed microbial cultures acclimated to different 
resistances from same sludge extracts produce biofilms with different morphology and 
different percentage of exoelectrogenic if grown in identical microbial fuel cells (MFCs) (Zain 
et al., 2011). Table 11 shows some results obtained for MFCs previously reported in literature 
comparable to reactors used in this publication. As shown on Table 11 ferricyanide treated air 
Pt treated carbon cloth cathode is a more efficient proton acceptor than Pt treated carbon 
cloth cathode and oxygen in air (Rabaey et al., 2005b). Ferricyanide is however expensive, 
and it has to be replaced frequently (Logan, 2008, Wei et al., 2012). This is unlikely to be 
used in continuous flow systems, so it’s not fully comparable to the aims of this thesis.   
 
Table 11 – The comparison of single chamber MFCs with air cathodes where acetate, 
used as substrate, was previously  reported  in literature. 
 




single-chamber MFC with air cathode 0.025 16.98 (Sevda et al., 2013) 
tubular single-chamber MFC 
with air cathode 
0.20 6.10 (Kim et al., 2009b) 
tubular single-chamber MFC 
with air cathode 
0.20 11.3 this study 
tubular single-chamber MFC 
With ferricyanide soaked air cathode 
0.39 90.00 (Rabaey et al., 2005b) 
tubular single-chamber MFC 
with air cathode 
1.26 2.00 (Jeon et al., 2013) 
 
Tables in “Appendix A-2” section 9.2 compare different electrode treatments, cathode and 
anode materials and cathode catalysts. The biggest problem is that there is no standard MFC 
design and with the multitude of microbial mixed cultures it’s hard to make an exact 











Methylene blue (0.54 mg cm-2) were successfully adsorbed onto carbon from 1.56 mmol L-1 
solution on the 13 cm2 carbon cloth electrode surface when pH of the buffer solution 
containing dye was changed to pH = 12 for 28 h and 0.23 mg cm-2 adsorbed at pH 5.5 during 
a 28 h period. MB treated electrode at pH 12 for 28 h was shown to be improving voltage 
production in microbial fuel cell (MFC). Adsorption could be used to prepare electron 
mediator treated anodes for scaled up systems combining dye removal from wastewater with 
MFC technology to remove other organics, such as lipids, carbohydrates and proteins in food 
waste liquor that is often used as substrate for MFCs. pH shifting technique used in this work 
was never attempted to anode material surface treatment that is significantly cheaper than 
other techniques reported in literature as mentioned “Discussion” section  6.2.4 in greater 
detail. Since MB remains permanently adsorbed it is possible to use mediator treated anodes 
in scaled up continuous flow MFC devices.   
 
The anodes from MFCs with MB treated anodes produced high currents ≈ 7.5 mA, power 
densities Pmax ≈ 11.78 Wm-3 at 35.5 oC compared to MFC (control) currents ≈ 5.2 mA and 
power densities Pmax= 5.3 Wm-3. Since the anodes performed well in MFCs they are expected 
to perform well when removed and placed into MECs, as shown in section 6.1 in greater 
detail, which produced reproducible results comparable to results previously reported in 
literature. The performance of MB treated anode could be tested against control in continuous 
flow MEC, which according to our knowledge was not previously assed in detail before.  
 
The anodes from MFCs with NR treated anodes produced currents ≈ 2.29 mA, power 
densities Pmax ≈ 2.63 Wm-3 at 35.5 oC compared to MFC (control) currents ≈ 5.2 mA and 
power densities Pmax= 5.3 Wm-3. This result combined with small volumes of methane 
detected ≈ 2 × 10-3 cm-3 in 13 cm3 head space, on weekly basis (0 cm3 for MB and control), 
suggests that NR prevented electron transport from bacteria to anode and therefore 












6.3 The Influence of Changes in Acetate and Butyrate Concentrations and Full 
Substrate Switch on Gas Production from Two Microbial Electrolysis Cells 
(MECs) Acclimated to either Acetate or  Butyrate 
 
The power density of microbial fuel cells (MFCs) and the hydrogen production rate for 
microbial electrolysis cells (MECs) can be increased not just by the use of mediators but via 
choice of substrate for the bacteria (Cheng and Logan, 2007a, Logan, 2008). The aim of this 
work was to investigate the influence of changes in acetate and butyrate concentrations 
present in the feedstock solution supplied for  two BES’s with untreated carbon cloth (UCC) 
anodes operated for either electricity production in MFC mode or for hydrogen production rate 
in MEC mode. Six 200 cm3 tubular MFC reactors were prepared as described in “Materials 
and Methods” in section 4 and “Experimental Regime” in section 5. Acetate and butyrate 
solutions (20 mmol L-1) were used as feedstock for AC and BU reactors respectively and 
used for experiment 3.1, which lasted for 9 weeks in order to create biofilms acclimated to 
these substrates. The pre-acclimated anodes were then transferred into 320 cm3 anode 
chambers for MECs experiments 3.2 and 3.3 and were investigated for hydrogen production 
rate for experiments 3.2 and 3.3.  
6.3.1 Results for Microbial Fuel Cell (MFC) Anode Acclimation Experiments  
 
i) Voltage Monitoring 
 
In experiment 3.1 the influence of 20 mmol L-1 acetate (AC) or butyrate (BU) on the voltage 
production from the mixed biofilm consortium was investigated in MFC mode. The cells were 
operated by feeding 20mmol L-1 acetate or 20mmol L-1 butyrate at a 1000 Ω resistance and at 
room temperature (23±2 oC) to allow comparison to work previously done by Michie et al 
(2011).  The voltage produced was continuously logged on line (see “Electrochemical 
Analysis Methods” section 4.7 for details). The sharp voltage decrease to zero was due to the 
cells being emptied and refilled with fresh substrate once a week (Fig. 31). The comparison 
between the three replicates is not shown. The replicates 2 and 3 followed a similar pattern 
and values as replicate 1 and so for clarity and space reasons, the graphs for the reactor 






Figure 31 – Voltages vs time plot for microbial fuel cells (MFCs) operated on acetate or 
butyrate. 
 
Fig. 31 shows that the voltage generation began to increase noticeably from day 1 of the 
enrichment of the anode electrode (time t=0, when sludge containing bacteria was added to 
nutrient electrolyte mixture, in the assembled MFCs) reaching 348 mV (0.61 W m-3) for the 
MFC (AC) on week 1, day 7, during the first batch operation, and continued increasing 
gradually from 370 mV (0.68 W m-3), to 412 mV (0.85 W m-3), on weeks 2-9, days 14 – 63. 
  
For the MFC (BU) voltage generation began to noticeably increase reaching 321 mV (0.52 W 
m-3) on week 1, day 7, during the first batch operation, and continued increasing gradually 
from 343 mV (0.59 W m-3)  to 410 mV (0.84 W m-3) for MFC (BU) on weeks 2-9, days 14 – 63. 
 
ii) Coulombic Efficiency (CE) and Energy Efficiency:  
 
One of the aims of microbial fuel cell (MFC) research is to recover as many electrons and as 
much energy from the biomass substrates as possible. The coulombic efficiency (CE) and 
energy efficiency for the sequencing  batch (SBR) operation were calculated, as previously 
described in “Electrochemical Analysis Methods” section 4.7.  
 
Table 12 shows that practical coulombic efficiency (CEp) and energy (Ep) recovered are the 
same for MFCs AC and BU.  For calculating % CE values, it was assumed that 4 electrons 
were needed for destruction of one butyrate molecule.  
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As one butyrate molecule produces two acetate molecules when the oxidation reaction 
occurs. So another 16 electrons are needed to convert these two acetate molecules 
produced from the butyrate and this has to be taken into consideration when butyrate 
oxidation is used (Eq 14 – Eq 18) which makes theoretical Coulombic Efficiency value (CEt) 
higher for butyrate. This makes % CE lower for butyrate (Table 12). The % energy recovery 
(E) values for butyrate are lower than for acetate due to the lower ΔH of combustion for 
acetate (875.200 KJ mol-1) and for butyrate (2183.500 KJ mol-1), which are need to calculate 
theoretical energy recovery values (Et). 
 
Table 12 – Comparison of coulombic efficiency (CE) and energy recovery (E) values for 
MFCs  fed with given substrate (20 mmol L-1) enriched at 1000 Ω resistance. 
 
Substrate MFC CEp (c) CE (%) E (%) Ep (J) 
butyrate BU 1851±7 24 7.5 658±2 
acetate AC 1824±5 59 18 637±2 
CEt (AC) = 3088 c, CEt (BU) = 7719 c, Et (AC) = 3501 J, Et (BU) = 876 J 
± represents variations from the average for n experimental repeats (n=3) 
 
iii) Power Density Monitoring:  
 
The power density curves were also used to monitor power density but also enabled to 
monitor voltage developments at low resistances as well as power density. The power 
densities were measured once per 7 days (performed as calculations previously described in 
“Electrochemical Analysis Methods” section 4.7 and “Experimental Regime” section 5). All 
MFCs were operated at 1000 Ω resistance to compare results to other published research eg: 
Michie et al (2013). Potential and power in Fig. 32 were calculated from for the average n 
experimental repeats, where n = 3. For the production of power density plots currents were 
monitored at a range of resistances with the lowest possible resistance of 10 Ω. Fig. 32 
shows that the power gradually increased over a period of nine weeks. The highest peak 
power densities were also obtained on day 63 with MFC (AC) Pmax = 3.15 W m-3 (3.24 mA), 
MFC (BU) Pmax = 2.00 W m-3 (2.00 mA), when the BES’s were set up in MFC sequencing 
batch mode.  
 
From the 2 (or 6, 3 experimental repeats) MFCs data for the power densities currents 
obtained at a 10 Ω resistance and corresponding to % COD removal (substrate consumption) 
were used to plot figures 33 a, 33b and 33c. This experiment was conducted to prove the 
hypothesis that there was a correlation between the currents at the lowest possible 





All values were averages calculated for n experimental repeats (n=3). 
 
Figure 32 – Comparison of current to voltage (closed symbols) and power density 
(open symbols) for MFCs. For space reasons only closed symbol key shown but symbol 
shape is same for the reactors for the power densities when the symbol is open. 
 
Fig. 33 a and 33 b show that the power densities at 10 Ω resistance for the MFC (AC) initially 
decreased from 1 ± 0 mA (0.12 ± 0 W m-3) to 0.6 ± 0mA (0.04 ± 0 W m-3), after the first batch 
operation. This was due to the removal of some of the inoculum, which contained suspended 
exoelectrogenic microbes (Logan, 2009). For the MFC (BU), current and power density also 
decreased from 1 ± 0 mA  (0.05 ± 0 W m-3) to 0.6 ± 0mA (0.02 ± 0 W m-3). The current 
production then increased stabilized at 5.25 ± 0.05 mA for the MFC AC (1.375 ± 0.025 W m-3) 
and at 2 ± 0.1mA for the MFC (BU) (0.2 ± 0.02 W m-3) on weeks 6-9.  These results show that 
the MFC acclimated to butyrate (BU) produced 2.6 times more electricity than MEC 
acclimated to acetate (AC). A similar observation was made by by Liu et al (2005 b). Fig. 33 c 
shows that the average COD removal rates (see “Offline Analysis Methods” section 4.8, for 
details on COD analysis) which were similar for the MFC systems. The COD removal rates 
follow the same trend as current output in Fig. 33 a and power output in Fig. 33 b.  The 
percentage COD removal rates for acetate and butyrate were similar. Fig. 33 c shows COD 
reductions  73 ± 5 % for MFC (AC) and 90 ± 7 % for MFC (BU), week 1, day 7, the end of 1st 
batch operation, with inoculum (sludge). The COD reductions decreased (due to removal of 
bacterial biomass suspended in electrolyte solution) to 43 ± 2 % for MFC (AC), 45 ± 5 % for 
MFC (BU), on week 2,  day 14. COD reduction finally stabilized at 46 ± 10 % for MFC (AC), 
48 ± 10 % for MFC (BU), on weeks 3 - 9, days 21 - 63. This means that coulombic efficiency 
(CE) values, which compare current observed to theoretical current produced from substrate 
























MFC reactor (AC) 10 ohms
MFC reactor (BU) 10 ohms
 
Time (weeks)


















MFC reactor (AC) 
10 ohms
























MFC reactor (AC) 10 ohms
MFC reactor (BU) 10 ohms
 
Error bars represent variations from the average for n experimental repeats (n=3). 
 
Figure 33 - Comparison of power densities (33 a) currents (33 b) at the resistance 10Ω, as 







































6.3.2 Results for Continuous Flow MEC Experiments 
Experiments 3.2 and 3.3 were designed to assess the performance factors associated with 
changes in acetate and butyrate concentrations for a continuous flow microbial electrolysis 
(MEC) reactor. The aims of this work are described in “Aims of this Thesis” section 3. A 
continuous flow MEC was intended to be used as second stage linked to biohydrogen  
fermentation of biomass e.g. food waste. These biomass feedstocks primarily contain 
carbohydrates, lipids and proteins, but are converted into volatile fatty acids in approximately 
a 40 % acetate and 60 % butyrate ratio in the biohydrogen fermentation process. The 
purpose of this section of work was to assess the effect of changes in concentration in 
acetate and butyrate on the MEC containing anodes acclimated to either solely acetate or 
solely butyrate and how the microbial culture on the anode surfaces responded either to 
acetate and butyrate mixtures or full substrate switch over between acetate to butyrate or 
vice versa on hydrogen production rate.  
Experiment 3.2 investigated the effect of decrease in pure substrate (acetate or butyrate) 
concentrations on hydrogen production rate in MECs with anodes acclimated to acetate or 
butyrate. For experiment 3.2 the substrate (acetate for MEC AC and butyrate for MEC (BU)) 
concentration was decreased from 20 mmol L-1 to 10 mmol L-1 and than to 5 mmol L-1 over 5 
day periods (see “Experimental Regime” section 5, for details). Experiment 3.3 investigated 
the effect of 50 % acetate 50 % butyrate mixtures and full substrate switch on hydrogen 
production rate in MECs with anodes acclimated to acetate or butyrate. For experiment 3.3 
acetate or butyrate was switched for 10 mmol L-1 acetate and 10 mmol L-1 butyrate mixtures. 
Finally the substrate was fully switched for (20 mmol L-1) butyrate, for MFC (AC), acclimated 
to acetate, and substrate for MFC (BU), acclimated to butyrate, was fully switched for (20 
mmol L-1) acetate. 
Experiment 3.2 i and 3.3 i were repeats of experiment 3.2 and 3.3 designed to confirm the 
results obtained because only two MECs (one MEC (AC) and one MEC (BU)) could be used 
at that time.   
Calculations for the Performance Factors     
All performance factors, described in “Electrochemical Analysis Methods” section 4.7 and 
“Offline Analysis Methods” section 4.8, such as coulombic efficiency (CE), cathodic hydrogen 
recovery (rcat), see equation 51 for overall hydrogen recovery (YH2), see equation 52 
hydrogen yield with respect to the substrate consumed (YH2 per mol substrate destroyed), see equation 




The calculations were exactly the same as in “The Influence of Temperature and Catholyte 
pH on the Hydrogen Production in Microbial Electrolysis Cells (MECs) “ section 6.1 with the 
only difference being that the hydraulic  retention time (HRT), was changed from 8.1 h to 9.6 
h instead of 9 h due to peristaltic tube replacement.  
i) The Influence of Acetate or Butyrate Concentrations on the Hydrogen 
Production, Methane Production and Cathodic Current Density in MECs 
 
The data from experiments 3.2 and 3.3 is shown in figures 33 and 34. The results from 
experiments 3.2 and 3.3 show that with the decrease in the single VFA component substrate 
concentration from 20 mmol L-1 to 5 mmol L-1 (acetate for MEC (AC) and butyrate for MEC 
(BU)), had different outcomes for the acetate fed MEC and the butyrate fed MEC.  A 
decrease in hydrogen production rate and current density was observed for the MEC (AC) 
which was acclimated on acetate. In contrast an increase in hydrogen production rate and 
current density was observed when butyrate concentration was decreased from 20 mmol L-1 
to 10 mmol L-1 for MEC (BU) but  a decrease in hydrogen production rate and current density 
when the butyrate concentration was decreased from 10 mmol L-1 to 5 mmol L-1.was 
observed. The reason for the initial increase in hydrogen production rate at 10 mmol L-1 
butyrate concentration for MEC (BU) could be substrate inhibition which was reported for 
hydrogen fermentation (Wong et al., 2014) and MFCs (Sharma and Li, 2010b) but according 
to our knowledge has not been accessed in detail for MECs. The subsequent fall in hydrogen 
yield when the butyrate was decreased from 10 mmol L-1 to 5 mmol L-1 would indicate that the 
bacteria at this point has become substrate limited.  
 
From the results for experiments 3.2, 3.2i and 3.3 and 3.3i it could be suggested that MEC 
(AC), with anode acclimated to acetate, could only convert the acetate into hydrogen fraction 
when fed the  10 mmol L-1 acetate and 10 mmol L-1 butyrate mixtures. The MEC (BU) with 
anode could utilize both acetate and butyrate for hydrogen production rate. Figure 34 shows 
data for gas (hydrogen and methane) production and corresponding current densities for 
experiments 3.2, 3.3 with error bars representing variations from average daily volumetric 
hydrogen production rate. Experiments 3.2i and 3.3i (data not included) produced very similar 
results with a decrease in hydrogen concentration for reactor AC for 10 mmol L-1 acetate and 
10 mmol L-1 butyrate mixture due to leak in the gas bag. Figure 35 shows the current density, 
temperature and pH logged on line for experiments 3.2, 3.3. Figure 35 shows a comparison 
between the single replicate with repeat 2 not shown. Replicate 2 and 3 followed a similar 
pattern and values as replicate 1 and so for clarity and space reasons the graphs for 






Results for Experiment 3.2 and 3.2i:- 
 
Experiments 3.2 and 3.2i investigated the effect of decrease of one component substrate 
concentration on hydrogen production rate for 20 mmol L-1, 10 mmol L-1.and 5 mmol L-1 
substrate concentrations. This study compared microbial electrolysis cells (MECs) acclimated 
to acetate (AC) and butyrate (BU).   
 
Hydrogen production rate and current density at 20 mmol L-1 substrate concentration on 
weeks 11-12, days 80- 85 (i-ii), as shown below:- 
 
i) The MEC (AC) produced significant amounts of hydrogen 182 ± 3.0 cm3 L(anode)-1 
day-1 (n=5), where n refers to the number of days during which a particular 
substrate was administered current density (1.68 ± 0.025 A m-2), as shown in 
figures 34 and 35, and COD reduction of 48 ± 10 %, see Table A-3.1 for details.  
 
ii) The MEC (BU) produced lower 148 ± 2.0 cm3 L(anode)-1 day-1 (n=5), current density 
(1.74 ± 0.04 A m-2), as shown in figures 34 and 35, and COD reduction of            
59 ± 2 %, see Table A-3.1 for details. 
 
Hydrogen production rate and current density when the substrate concentration was 
decreased to 10 mmol L-1 on week 12, days 85 – 90 (iii-iv), as shown below:- 
 
iii) There was an decrease in hydrogen production rate was observed for the MEC 
(AC) to 125 ± 3.0 cm3 L(anode)-1 day-1 (n=5) a small drop in the current density 
amounting to 1.46 ± 0.045 A m-2, as shown in figures 34 and 35, and COD 
reduction of 62 ± 4 %, see Table A-3.1 for details.  
 
iv) For the MEC (BU) an increase in hydrogen production rate was observed 
amounting to 201 ± 2.0 cm3  L(anode)-1 day-1 (n=5); a decrease in current density to                  
1.5 ± 0.01 A m-2, as shown in figures 34 and 35, and COD reduction of 70 ± 7 %, 
see Table A-3.1 for details. 
 
Hydrogen production rate and current density when the substrate concentration was 
decreased to 5 mmol L-1 on weeks 12-13, days 90-95 (v-vi), as shown below:-  
 
v) A decrease in hydrogen production rate was observed for the MEC (AC)              
56 ± 2.0 cm3 L(anode)-1 day-1 (n=5), current density 1.32 ± 0.03 A m-2, as shown in 






vi) A decrease in hydrogen production rate was also observed for the MEC (BU) 
176±3.0 cm3 L(anode)-1 day-1 (n=5), current density 1.5 ± 0.005 A m-2, as shown in 
figures 34 and 35, and COD reduction of 97±1 %, see Table A-3.1 for details. 
 
Methane producing archaea convert substrate, otherwise used by hydrogen producing 
bacteria into methane resulting a decrease the amount of hydrogen produced. It is important 
to monitor methane as well as rate in order to explain the difference between MEC (AC) and 
MEC (BU). Levels of methane production were found to decrease in line with decreases in 
the substrate feed concentrations. Higher methane production was observed for acetate MEC 
(AC) than for butyrate MEC (BU) on weeks 11 -.13, days 80 – 95 (vii – viii). In experiments 
3.2 and 3.2i MEC (BU) produced more hydrogen and less methane than MEC (AC) indicating 
less archaeal activity, as shown below:- 
 
vii) For the MEC (AC) methane production rate was 89 ± 2.0 cm3 L(anode)-1 day-1  (n = 5) 
for 20 mmol L-1 acetate concentration on weeks 11 - 12; 69 ± 2.0 cm3 L(anode)-1 day-1 
(n=5) for 10 mmol L-1 acetate concentration on week 12; 56 ± 1.0 cm3 L(anode)-1 day-1 
for 5 mmol L-1 acetate concentration on weeks 12 - 13, as shown in figure 34 a.  
 
viii) For the MEC (BU) methane production rate was 47 ± 1.0 cm3 L(anode)-1 day-1  (n = 5) 
for 20 mmol L-1 butyrate concentration on weeks 11 – 12; 25 ± 1.0 cm3 L(anode)-1 
day-1 (n=5) for 10 mmol L-1 butyrate concentration on week 12; 19.5 ± cm3 L(anode)-1 
day-1 (n=5) for 5 mmol L-1 butyrate concentration on weeks 12-13, as shown in 
figure 34 a.  
 
Results for Experiment 3.3 and 3.3i:- 
 
Experiments 3.3 and 3.3i investigated the effect of the decrease of two component substrate 
concentration on hydrogen production rate for a 10 mmol L-1 acetate and 10 mmol L-1 
butyrate mixture and 20 mmol L-1 full substrate switch. This study compared microbial 
electrolysis cells (MECs) acclimated to acetate (AC) and butyrate (BU). In experiments 3.3 
and 3.3i, the MEC (BU) produced more hydrogen and less methane than MEC (AC) 
indicating less archaeal activity. Hydrogen production rate and current density for 10 mmol L-1 
acetate and 10 mmol L-1 butyrate mixtures on weeks 13 - 14, days 95 - 100 (i-ii), as shown 
below:- 
 
i) The MEC (AC) produced small volumes of hydrogen 19 ± 1.0 cm3 L(anode)-1 day-1 
(n=5), where n refers to the number of days during which a particular 
concentration was administered; current density (1.63 ± 0.03 A m-2), as shown in 




ii) The MEC (BU) produced higher volumes of hydrogen 173 ± 3.0 cm3 L(anode)-1 day-1 
(n=5), current density (1.35 ± 0.05 A m-2), as shown in figures 34 and 35, and 
COD reduction of 8 ± 1.8 %, see Table A-3.1 for details. 
  
Hydrogen production rate and current density when the substrates were fully switched for            
20 mmol L-1 pure acetate or butyrate solutions on weeks 14 -15, days 100 – 105 (iii - iv), as 
shown below:- 
 
iii) No hydrogen production rate was observed for the MEC (AC)                                  
0 ± 0.0 cm3 L(anode)-1 day-1 (n=5),  the current density also decreased to                
0.15 ± 0.05 A m-2, as shown in figures 34 and 35, and COD reduction also 
decreased to 2.3 ± 7 %, see Table A-3.1 for details.  
 
iv) For the MEC (BU) increase in hydrogen production rate was observed amounting 
to 249 ± 3.0 cm3 L(anode)-1 day-1 (n=5); an increase in current density to                     
1.71 ± 0.04 A m-2, as shown in figures 34 and 35, and COD reduction of              
38 ± 10 %, see Table A-3.1 for details. 
 
Levels of methane production on weeks 13 -.15, days 95 – 105 (v – vi), as shown below:- 
 
v) For the MEC (AC) methane production rate was higher than for MEC (BU)            
43 ± 1.0  cm3 L(anode)-1 day-1  (n = 5) for 10 mmol L-1 acetate 10 mmol L-1 butyrate 
mixture concentration on weeks 13 – 14.  For 20 mmol L-1 butyrate concentration 
(full substrate switch) on weeks 14 – 15 methane production was lower than for 
MEC (BU) 1.0 ± 1.0  cm3 L(anode)-1 day-1 (n=5), as shown in figure 34 a.  
 
vi) For the MEC (BU) methane production rate was 19 ± 2.0 cm3 L(anode)-1 day-1  (n = 5) 
for 10 mmol L-1 acetate 10 mmol L-1 butyrate mixture concentration on weeks 13 – 
14; 23 ± 2.0  cm3 L(anode)-1 day-1 (n=5) for 20 mmol L-1 butyrate concentration (full 










All errors bars represent variations from the average daily hydrogen production. 
 
Figure 34 – Variations of different hydrogen production rates (34 a), in the cathode 











































































                                                     a             b             c             d                e                                                                                     
Where a is substrate (acetate for AC or butyrate for BU) fed at 20 mmol  L-1, then b at 10 
mmol  L-1 and at c for 5 mmol  L-1 respectively, in weeks 11 - 13; then  d is acetate (10 mmol  
L-1) / butyrate (10 mmol  L-1) mixtures on weeks 13-13.8 and e is a full substrate change over 
(20 mmol  L-1) on weeks 13.8-14.5.  
 
Figure 35 - Variations in the current density (35 a) temperature (35 b) and pH (35 c) 
with decrease in the substrate concentration.   
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ii) The Influence of Acetate or Butyrate Concentrations on Coulombic 
Efficiency (CE) and Hydrogen Yield per mol of Substrate Consumed 
 
Coulombic efficiencies (CEs, see “Electrochemical Analysis Methods” section 4.7 for details) 
compared the current recorded across 1 Ω resistor between the cathode and the power 
supply to the theoretical current obtained from the COD reduction. With a decrease in the 
substrate concentration, the  theoretical current obtained from the COD reduction becomes 
smaller, hence CE values go up. This was observed for pure acetate for MECs (AC), with 
anode acclimated to acetate, and MEC (BU), with the anode acclimated to butyrate, as 
shown on Table 13. The hydrogen yields increased slightly from  0.67 mol(hydrogen) mol(acetate)-1 
to 1.3 mol(hydrogen) mol(acetate)-1 for MEC (AC) with a decrease in acetate concentration (as 
shown on Table 13). The increase in hydrogen yields for MEC (BU) was more abrupt with the 
decrease in the butyrate concentration from 3.5 × 10-2 mol(hydrogen) mol(acetate)-1 to 0.64 
mol(hydrogen) mol(acetate)-1, as shown on Table 13, which supports the hypothesis that 20 mmol L-1 
butyrate inhibited the hydrogen production rate (Sharma and Li, 2010b, Wong et al., 2014).    
 
For the acetate and butyrate mixtures the hydrogen production was lower for MEC (AC) than 
for MEC (BU) but the current density and coulombic efficiency (CE), which was calculated 
from the current (Fig. 34 and Fig. 35), were higher for MEC (AC), as shown on Table 13. 
Unlike CE, the  hydrogen yield only relates to the amount of substrate consumed that results 
in  hydrogen production rate. If hydrogen producing bacteria in the MEC (AC) were only able 
to convert acetate in the acetate and butyrate mixtures (10 mmol L-1 acetate and 10 mmol L-1 
butyrate) into hydrogen then the hydrogen yield achieved would be  about 50% of the 
hydrogen yield, that was achieved for the 20 mmol L-1 acetate solution. The hydrogen yield 
for 20 mmol L-1 acetate solution was 0.67 mol(hydrogen) mol(acetate)-1 and the yield for 10 mmol L-1 
acetate and 10 mmol L-1 butyrate mixtures is 0.2 mol(hydrogen) mol(acetate)-1, approximately 30 % 
of hydrogen yield 20 mmol L-1 acetate solution, as shown on Table 13. The current density 
logged on line for MEC (AC) for 10 mmol L-1 acetate and 10 mmol L-1 butyrate mixtures same 
as that for 10 mmol L-1 acetate solution, see figure 35 for details. This result supports the 
theory that only acetate was converted into hydrogen for MEC (AC) and it could also be 
suggested, but never proven, that butyrate may have also had inhibited the hydrogen 
production.   
 
The most dramatic change was observed when the substrates were fully switched with 
current and CE values going up to the same level as for butyrate (10 mmol L-1) for MEC (BU), 
when butyrate was fully switched to acetate with highest volumetric hydrogen production rate 
of 251 cm3 L(anode)-1 day-1 and smaller then expected hydrogen yield of                                  
0.52 mol(hydrogen) mol(acetate)-1  due to changes in the flow rate. MEC (AC) did not produce any 
current (Fig. 34, and Fig. 35) when substrates were fully switched.  
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When current decreased to 0, CE values also fell to 0, as shown on Table 13, which again 
supports hypothesis that hydrogen producing bacteria in MEC (AC) acclimated to acetate 
were only able to convert acetate into hydrogen. This observation, according to our 
knowledge, has not been reported in the literature before. 
 
Table 13 – Comparison of coulombic efficiency (CE), cathodic hydrogen recovery and 
hydrogen yield mol/mol substrate consumed for highest hydrogen 
productions at given substrate concentrations. 
 
Substrate Conc. (mmolL-1) 
H2 production rate 
cm3 L(anode)-1 day -1 
Cathodic H2 
recovery (%) CE (%) 
H2 yield mol/mol 
substrate consumed 
  BU AC BU AC BU          AC BU             AC 
acetate  or 20 148±2 181±3 6±2 31±2 14±2 13±2  3.5×10-2±0 0.67±0 
butyrate 10 201±2 124±4 56±2 42±4 22±2 15±2 0.5±0 1.2±0 









20 248±3 0 62±3 0 20±1 8±1 0.52±0 0 
A STP. Theoretical H2 yields: 10 mol/per mol butyrate; 4 mol/mol acetate; 12 mol/mol glucose. 
Acetate reactor = AC and butyrate reactor = BU. Voltage applied = 850 mV for each MEC. 
All errors represent variations from the average daily hydrogen production. 
Each concentration was administered for 5 day periods. 
 
6.3.3 Discussion  
 
i) Experiments 3.1, 3.2 and 3.2 i 
  
There was no relationship between, how the anodes acclimated to acetate (AC) and butyrate 
(BU) performed in MFCs and MECs. The voltage output at 1000 Ω resistance was exactly the 
same for MFCs (AC and BU). Another good indicator of MFC performance is power density, 
which slowly increased over the 9 week period. On day 63, the power maximum power 
density Pmax was 38 % lower, when the highest power densities were obtained, than that for 
MFC AC, similar to observations made by Liu et at (2005b). The percentage COD removal 
was roughly the same for MFCs (AC and BU, Fig. 33 ii).  
 
When the anodes were removed from the MFCs and placed into the MECs, the MEC (BU), 
containing anode acclimated to butyrate, produced 20% more hydrogen than MEC (AC), with 




The COD reductions (the amount of substrate consumed) were much lower for MEC (AC), so 
H2 yield mol/mol substrate consumed appears to be higher for MEC (AC), see Table A - 3.1 in 
“Appendix A - 3” section 9.3. It could be suggested that there was more bacteria on the 
anode surface of the anode acclimated to butyrate that on the anode acclimated to acetate. 
Another theory is that the anode acclimated to butyrate contained different species of 
bacteria, which used more substrate.   
 
The 20 mmol L-1 butyrate solution produced less hydrogen ≈150 cm3 L(anode)-1 day-1 (n=5, 
where n refers the number of days during which a particular substrate concentration was 
used) compared to 26 % increase in hydrogen production rate for 10 mmol L-1 butyrate 
solution,≈203 cm3 L(anode)-1 day-1 (n=5). This phenomenon is called substrate inhibition of cell 
multiplication and / or fermentation. Many enzymes (biological catalysts) in bacteria are 
inhibited by their own substrates, leading to reaction velocity curves (plotted to monitor the 
rate of product formation) that rise to a maximum and then descend as the substrate 
concentration increases (Hong, 1986).  The reaction velocity curves are typically plotted by 
varying the concentration of substrate and plotting the rate of product formation as a function 
of substrate concentration (Kuhl, 1994). From these studies it was determined that substrate 
inhibition occurs in some 20% of enzymes in MEC reactors (Reed et al., 2010) which is not 
unusual for fermentation (Wong et al., 2014). The inhibition caused by 20 mmol L-1 butyrate 
solution was not reported in the literature before, to our knowledge.  
 
Other parameters associated with hydrogen production, including the amount of 1.2 mol L-1 
HCl needed to maintain pH in the cathode chamber at 5.3 was also assessed. When more 
hydrogen is produced in the MEC, the  pH in the cathode chamber increases and HCl 
consumption, which is proportional to hydrogen production also increases. If the anode, with 
immobilized microorganisms, is replaced with abiotic anode the hydrogen production and HCl 
consumption, at the cathode, stops. Daily HCl consumption followed the same trends as daily 
hydrogen production with highest amounts of HCl consumed by MEC (BU) for 10 mmol L-1 
butyrate solution and when butyrate was fully switched to 20 mmol L-1 acetate, when highest 
hydrogen production rates were observed, see Table A - 3.1 in “Appendix A - 3” section 9.3.    
 
ii) Experiments 3.3 and 3.3 i 
 
The purpose of the substrate switch experiment was to determine how the anodes, 
acclimated to acetate or butyrate, respond to 50 % acetate and 50 % butyrate mixture, most 
likely end product of fermentative hydrogen production (see “Aims of this Thesis” section 3 for 
more details). The anode acclimated to butyrate had not been tested before and it was 




Acetate and butyrate mixtures did not make much difference to hydrogen production rates 
compared to pure butyrate solutions for MEC (BU), which contained anode acclimated to 
butyrate. MEC (AC), with anode acclimated to acetate, produced 88 % less hydrogen than 
MEC (BU), for 10 mmol L-1 acetate and 10 mmol L-1 butyrate mixtures, as shown on Table 13. 
The amount of methane produced by MEC (BU) was 58 ± 5 % smaller than that produced by 
MEC (AC) for 10 mmol L-1 acetate and 10 mmol L-1 butyrate mixtures, see Table A-3.1 in 
“Appendix A-3” section 9.3.   
 
From observations reported in section 6.3.3 it could be suggested that butyrate had an 
inhibitory effect on methanogenesis, which led to the formation of different biofilms in MECs 
AC and BU. This may explain lower methane production rate for BU reactor that theoretically 
contained less archaea. All COD removal rates decreased by 83% for MEC (AC) and by      
17 % for MEC (BU) and when 10 mmol L-1 acetate and 10 mmol L-1 butyrate mixture was 
introduced, compared to 20 mmol L-1 single compound substrate solutions in experiments 2.2 
and 2.3. It could be suggested that the reason for this was that bacteria in mixed biofilm 
consortium on the anodes acclimated to butyrate in MECs (BU) could utilize acetate in the 
mixtures, however the bacteria on the anodes acclimated to acetate in MECs (AC) could not 
utilize butyrate in the mixtures. 
 
When the substrates were fully switched, no methane or hydrogen production was observed 
for the MEC (AC) when acetate was fully switched to butyrate but the MEC (BU) produced                                  
≈ 250 cm3 L(anode)-1 day-1 (n=5) of hydrogen corresponding to the hydrogen yield of 0.52 
mol(hydrogen) mol(acetate)-1, when the butyrate substrates was switched to acetate. The methane 
production rate for the MEC BU was 74 % lower, when butyrate substrate was fully switched 
to 20 mmol L-1 acetate, if compared to the MEC AC operating on 20 mmol L-1 acetate 
substrate (Fig. 34). The percentage COD reduction remained at 38 ± 10 %  for the MEC (BU), 
when the substrate was fully switched to 20 mmol L-1 acetate substrate. For the MEC (AC),  
the percentage COD reduction decreased to 0, which supports the hypothesis that the 
bacteria on the anode acclimated to acetate could not utilize butyrate.  
 
A small issue that had to be addressed was the tubing getting stretched during the end of the 
operation of the system causing higher flow rates and a small decrease in hydrogen yield 
(which relates the amount of substrate passing through the reactor to the amount of hydrogen 
produced) for higher volumetric hydrogen production production rates. This issue was 
addressed by means of recording daily flow rate, which was used in calculating hydrogen 
yield. The expected hydrogen yield for MEC (BU) with volumetric hydrogen production rate ≈ 




The reason why the start up (biofilm acclimation) to acetate or butyrate lasted for 9 instead of 
4 weeks (30 days) was to assess the effect of the build up of biomass biofilm in the MEC 
which can lead up to the production of a conductive barrier.  As the result of this,  archaeal 
methanogenesis  was not an issue in experiments 1 - 1.4,  was an issue in experiments 3.2 – 
3.3 using the continuous flow MEC (AC), acclimated to acetate. However not for the MEC BU 
that was acclimated to butyrate where little methane was detected. The bacteria in the  MEC 
BU were capable of utilizing butyrate probably via converting it into acetate and hydrogen 
with  the remaining acetate converted into hydrogen and CO2 by different species of bacteria 
(Liu et al., 2005b). This was confirmed by VFA analysis for MEC (BU), data not shown, which 
showed that butyrate was fully converted into acetate in two days in a batch reactor 
(substrate flow through the continuous reactor was stopped for 3 days to prove this theory) 
and a reduction in acetate concentration was detected on the third day. VFA analysis of 
effluent samples also showed no changes in butyrate concentration for the MEC (AC) after 3 
days of batch operation. In order to provide more evidence to support this hypothesis the 
effluent samples and the carbon cloth samples were removed from the anode (see “Offline 
Analysis Methods” section 4.8 for details) were sent for analysis to University of Seoul 
(Korea) for DNA analysis in order to identify bacteria responsible for butyrate and acetate 
conversion into hydrogen. This data is not presented here. 
 
iii) Performance of a Two Stage System Consisting of Continuous Flow 
Fermenter  and Microbial Electrolysis Cell (MEC)  
 
Table 14 shows theoretical amounts of hydrogen produced by the integrated system based 
on practical results for fermentative hydrogen production rates, from hexose, published by 
Kyazze et al (2006) combined with result for microbial electrolysis cell experiment 3.2 from 
work mentioned in this thesis.  
 
Table 14 –  Theoretical amounts of H2 from the integrated process compared to highest 








H2 fermentation Integrated process 
   
H2 (LL-1day-1) 
 
H2  (molmol-1 
hexose) 
H2 ( LL-1day-1) 
H2  (molmol-1 
hexose) 
56×10-3 50×10-3 28×10-3 4.37 1.65 7.62 2.88 
111×10-3 71×10-3 33×10-3 6.79 1.3 10.97 2.10 
222×10-3 107×10-3 62×10-3 12.12 1.15 19.22 1.82 
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For calculating the values in this table the performance for MEC (BU) operated on 5 mmol L-1 
butyrate and MEC (AC) operated on 5 mmol L-1 acetate were used. The reason the fermenter 
and MEC cells were operated separately was because the concentrations of acetate and / or 
butyrate had to be exact in order to determine performance factors for different substrate 
concentrations. Table 14 shows that conversion efficiencies of 0.64 mol(hydrogen) mol(hexose)-1 and            
1.31 mol(hydrogen) mol(hexose)-1 can be achieved for acetate and butyrate respectively. Integrated 
process showsa potential,  ≈ 40 % improvement in hydrogen production rate (L(hydrogen) L(hexose)-
1 day-1) and efficiency with which hexose is converted into hydrogen (mol(hydrogen) mol(hexose)-1), 




The effect of different acetate and butyrate concentrations on hydrogen and methane 
productions was assessed in microbial electrolysis cells (MECs), together with other 
parameters associated with it, such as COD reduction, pH, conductivity and anodic and 
cathodic potentials vs reference Ag/AgCl electrodes. The correlation between the current in 
MEC system, substrate concentration and gas production in MEC with rates of hydrogen 
production were not assessed in detail in literature before.  
 
The hydrogen yields per mol substrate for MEC acclimated to butyrate, when operated on 
butyrate, were comparable to what was reported in literature for large scale systems but 
smaller than what was reported in literature smaller MECs operated on butyrate (see 
“Discussion” section 6.3.3 for details). The highest hydrogen yield observed was                         
1.3 mol(hydrogen) mol(acetate)-1 for MEC (AC), with its anode acclimated to acetate, for 5 mmol L-1 
pure acetate solution. The highest hydrogen yield observed for MEC (BU) with its anode 
acclimated to butyrate was 0.64 mol(hydrogen) mol(butyrate)-1 corresponding to volumetric hydrogen 
production of 177 cm3 Lanode-1 day-1 for 5 mmol L-1 pure butyrate solution. The highest 
volumetric hydrogen production 251 cm3 Lanode-1 day-1 corresponding to hydrogen yield        
0.52 mol(hydrogen) mol(butyrate)-1 was observed for MEC (BU) when butyrate was fully switched to 
20 mmol L-1 acetate. According to our knowledge the effect of substrate switch on hydrogen 
production rate was not previously reported in literature before. It was suggested that MEC 
(BU) contained two microbial cultures. Evidence presented in the “Discussion” section 
suggests that one metabolic group converted butyrate into acetate and another that 
converted acetate into carbonate. In MEC (AC) however only one metabolic group converted 
acetate into carbonate. Pure butyrate, inhibited hydrogen production rate in the MEC (AC) 
when acetate was fully switched to butyrate. These phenomena have not previously reported 
in literature. Another observation, according to our knowledge was not reported in literature 
before, was higher methane concentration in MEC (AC) compared to MEC (BU).  
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The cause of this could be due to methanogenic archaea, more of which was present MEC 
(AC), acclimated to acetate.  
 
This work shows that it would be possible to treat the liquid effluent from hydrogen 
fermenters, which consists of a mixture of acetate and butyrate with MEC reactor improving 



































6.4 The Comparison of Four Anode Types and their Effect on the Voltage 
Production in Microbial Fuel Cells (MFCs) and Hydrogen Production in 
Microbial Electrolysis Cells (MECs) 
 
The power density of microbial fuel cells (MFCs) and the hydrogen production rate of 
microbial electrolysis cells (MECs) can be increased not only via the use of mediators but 
also potentially by the choice of anode material configurations (Dumas et al., 2007, Zhu and 
Logan, 2013). The aim of this work was to investigate the effects of four different anode 
configurations on the power density in microbial fuel cells (MFCs) and the hydrogen 
production rates in microbial electrolysis cells (MECs), see “Electrochemical Analysis 
Methods” section 4.7 for details. Four types of electrodes were prepared,  (3 of each, 12 in 
total):- steel mesh/carbon cloth roll anode (RR),  J cloth/carbon cloth roll anode (JC), 
methylene blue treated carbon cloth (MB, or MBi if referred MB treated anode with microbial 
culture acclimated to 1000 Ω resistance) and untreated carbon cloth (UCC). Twelve 200 cm3 
tubular MFC reactors were prepared as described in the “Materials and Methods” in section 4 
and operated as described in “Experimental Regime” section 5. Acetate solution (20 mmol L-
1) was used as feedstock for the MFC reactors used for experiment 4.1, which lasted for 7 
weeks in order to create biofilms acclimated to acetate at 1000 Ω resistance. The pre-
acclimated anodes were then transferred into 320 cm3 anode chambers in MECs and 
investigated for the hydrogen production rates for experiment 4.2 and 4.2 i. 
  
6.4.1 Results for Microbial Fuel Cell (MFC) Anode Acclimation Experiments 
 
i) Voltage Monitoring 
 
In experiment 4.1, the influence of anode material and configuration was investigated. The 
cells were tested by feeding 20 mmol L-1 acetate at 1000 Ω resistance  to allow comparison to 
work previously done by Michie et al (2011) and previous work in this thesis.  The voltage 
was continuously logged on line (see “Electrochemical Analysis Methods” section 4.7 for 
details). The sharp voltage drops to 0 were due to the cells being emptied and the substrate 
replaced once a week (Fig. 36). This is comparison between this single replicate with repeats 
2 and 3 not shown. Replicates 2 and 3 followed a similar pattern and values as replicate 1 






Figure 36 – The development of voltages in microbial fuel cells (MFCs) with 4 different 
configurations operated on acetate. 
 
Fig. 36 shows that the voltage generation began to noticeably increase from day 1 of the 
enrichment of the anode electrode (time t=0, when sludge containing bacteria was added to 
nutrient electrolyte mixture, in the assembled MFCs). This data is described separately for 
each electrode type as shown below:-  
 
i) For the MFC (RR) the voltage generation reached 197 mV (0.19 W m-3) on week 
2, day 9. The voltage slowly increased and stabilized, after three batch operations, 
on week 4, day 28, at 436.5±4.5 mV (0.95±1.01×10-4 W m-3) and remained at that 
level till the end of week 7, as shown in figure 36.  
 
ii) For the MFC (JC) the voltage generation reached 174 mV (0.15 W m-3) on week 2, 
day 9. The voltage slowly increased and stabilized, after three batch operations, 
on week 4, day 30, at 389.5±23.5 mV (0.76±2.8×10-3 W m-3) and remained at that 
level till the end of week 7, as shown in figure 36.  
 
iii) For the MFC (MBi) the voltage generation reached 140 mV (0.1 W m-3) on week 2, 
day 13. The voltage slowly increased and stabilized, after three batch operations, 
on week 1, day 28, at 228.5±6.5 mV (0.26±2.1×10-4 W m-3) and remained at that 





iv) For the MFC (UCC) the voltage generation reached 420mV                 
(0.80±2.31×10-3 W m-3) on week 1, day 6. The voltage slowly increased and 
stabilized, during the first batch operation, on week 1, day 2, at 400±21.5 mV 
(0.80±2.31×10-3 W m-3) and remained at that level till the end of week 7, as shown 
in figure 36.  
 
i) Coulombic efficiency (CE) and Energy Efficiency:  
 
One of the aims of microbial fuel cell (MFC) research is to extract as many electrons from 
biomass as possible and to recover as much energy as possible. The coulombic efficiency 
(CE) and energy efficiency for sequencing batch (SBR) operation were calculated, as 
previously described in “Electrochemical Analysis Methods” section 4.7 with errors ± 
representing 3 replicates.  
 
Table 15 – Comparison of coulombic efficiency (CE) and energy recovery values for 
MFCs  fed with acetate (20 mmol L-1) enriched at different resistances. 
 
Resistance  CEp (c) CE (%) Ep (J) E (%) 
1000 Ω UCC 1143±25 37±1 280±8 8 
 RR 1235±83 40±3 450±25 12±1 
 JC 1081±60 35±2 335±18 10 
 MBi 587±8 19 110±2 3 
CEt (AC) = 3088 c, Et (AC) = 3501 J 
± represents variations from the average for n experimental repeats (n=3) 
 
 
Table 15 shows the comparison of coulombic efficiency (CE) and energy recovery values (%) 
for all MFCs used in this study, operated at 1000 Ω resistance, see “Electrochemical Analysis 
Methods” section 4.7. MFCs (RR) were shown to perform better than all other electrodes. 
With highest number of coulombs recovered (CEp), coulombic efficiency (CE), practical 
energy recovery (J) and % energy recovery (E) compared to standard energy of combustion 
for acetate, see Table 15.  
 
MFCs (UCC and JC) were shown to have the 2nd best performance factors after MFC’s (RR) 
and MFCs (MBi) performed significantly worse, as shown on Table 15. It could be suggested 
that   MFCs (MBi) with biofilms grown at 1000 Ω resistance (Table 15) performed differently 
from MFCs (MB) with biofilms grown at 150 Ω previously assessed in “The Effect of 
Immobilized Methylene Blue and Neutral Red on the Current Production in Microbial Fuel 
Cells (MFCs)” section 6.2, see (Table 9) due to different microbial cultures developing on the 




ii) Power Density Monitoring:  
 
The power density curves were used to monitor power density but also enabled to monitor 
voltage developments at low resistances as well as power density. The power densities were 
measured once per 7 days (performed as calculations previously described in 
“Electrochemical Analysis Methods” section 4.7 and “Experimental Regime” section 5). All 
MFCs were operated at 1000 Ω resistance to compare results to other published research eg: 
Michie et al (2013). Potential and power in Fig. 37 were calculated from averages for voltages 
for n experimental repeats, where n = 3. For the production of power density plots currents 
were monitored at a range of resistances with the lowest possible resistance of 10 Ω. 
 
The highest peak power densities in MFC mode were also obtained in week 6 on day 48 for 
all four MFC anode materials (Fig. 37) and MFC UCC Pmax = 3.13 W m-3 (2.85 mA), MFC 
(RR) Pmax = 2.85 W m-3 (3.08 mA), MFC (JC) Pmax= 2.32 W m-3 (2.78 mA) and MFC (MBi) 
Pmax= 1.10 W m-3 (0.61 mA).  
 
All values are calculated average voltage values for n experimental repeats (n=3) voltages.   
 
Figure 37 – Comparison of current (closed symbols) to voltage and power density 
(open symbols) for MFCs, on week 7, day 48, when highest power densities 
were obtained. For space reasons only closed symbol key shown but symbol 




The data for power densities and currents obtained at a 10 Ω resistance and corresponding 
% COD removal (substrate consumption) were used to plot figures 38 a, 38 b and 38 c. The 
currents and power densities for MFC (UCC) were 5 mA (0.125 W m-3), for MFC (RR) were 
3.95 mA (0.0078 W m-3), for MFC (JC) were 3.5 mA (0.0061 W m-3) and for MFC (MBi) were 
1.5mA (0.001 W m-3). These results were obtained on weeks 6 and 7 at 10 Ω resistance, at 
the same time as  the power density plots were produced, as shown in figures 38 a – 38 b. 
These results indicate that at 10 Ω resistance MFC (UCC) performed better than the MFC 
(RR) by producing more current. Similar observations were made by Katuri et al (2011) who 
compared the biofilm morphology, current and power production for MFCs with bioanodes 
acclimated to both high and low resistances. 
 
All MFC systems had similar COD (chemical oxygen demand, see “Offline Analysis Methods” 
section 4.8, for more details) removal rates with from the time when microbial culture was 
added to MFCs. The decrease of COD removal at the end of 1st batch cycle was when the 
substrate was replaced and corresponds to the removal of sludge particles with 
exoelectrogenic bacteria in the suspended phase. The subsequent slow increase in COD 
removal and voltage indicates that bacterial growth on the bioanode surface (see Fig. 38 c for 
more details) was occurring.  Figure 38 c shows that the COD removal rates were highest for 
MFCs with untreated and J cloth / carbon cloth anodes (JC) and lowest for metal cloth / 
carbon cloth anodes (RR). COD removal rates are presented in descending order:-  MFC 
(UCC) 67±2 % (n=3), MFC (JC) = 48±3 % (n=3), MFC (MBi) = 42±5 % and MFC (RR) = 39±5 
% (n=3) on week 7, day 49, when highest power densities and voltages were observed. 
Where n=3 where n is the number of experimental repeats, see “Experimental Regime” 
section 5 for details.  It could be suggested that stainless carbon cloth / steel cloth anode in 
MFC (RR) provided poor attachment for bacteria on the anode surface which resulted less 
substrate consumption, but there was higher percentage of electricity producing bacteria on 
the anode surface compared to similar voltage and power production to MFCs (UCC) and 
MFCs (JC) with more substrate consumed. The results of this were lower coulombic 
efficiencies (CE) in MFCs (JC and MBi) compared to MFCs (UCC) and MFCs (RR). A similar 




















































Error bars represent variations from the average for n experimental repeats (n=3). 
 
Figure 38 - Comparison of power densities (38 a), currents (38 b) and COD removal 
rates (38 c) for microbial fuel cells (MFCs), as a function of time. 
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6.4.2 Results for Continuous Flow MEC Experiments with Four Different Anodes 
Experiment 4.2 was designed to assess the performance factors associated with changes in 
acetate concentration for the operation of the continuous flow microbial electrolysis (MEC) 
reactor. The aims of this work are described in “Aims of this Thesis” section 3. One of the 
initial aims of the thesis was to assess the use of a continuous flow MEC to be used as 
second hydrogen production stage linked with fermenative hydrogen production. In this 
process, which converts biomass, primarily containing carbohydrates, lipids and proteins, into 
approximately 40 % acetate and 60 % butyrate solution as well as hydrogen. The purpose of 
this work was to assess the effect of changes in concentration in acetate and butyrate on the 
MECs containing four different anodes acclimated to either acetate or butyrate on hydrogen 
production rate. In addition how the microbial culture on the anode responded to acetate and 
butyrate mixtures and substrate change over. For calculations of the performance factors see 
“Electrochemical Analysis Methods” section 4.7. For experiment 4.2 the acetate 
concentration was decreased from 20 mmol L-1 to 10 mmol L-1 and then to 5 mmol L-1 over 5 
day periods, (see “Experimental Regime” section 5 for details).  For experiment 4.2i acetate 
was switched to 10 mmol L-1 and 10 mmol L-1 acetate and butyrate mixtures then fully 
switched for butyrate (20 mmol L-1) over 5 day periods, see “Experimental Regime” section 5 
for details.  
Calculations for the Performance Factors     
All the performance factors, described in “Electrochemical Analysis Methods” section 4.7 and 
“Offline Analysis Methods” section 4.8, such as coulombic efficiency (CE), cathodic hydrogen 
recovery (rcat), see equation 51, overall hydrogen recovery (YH2), see equation 52 hydrogen 
yield with respect to the substrate consumed (YH2 per mol substrate destroyed), see equation 53 were 
calculated, from data obtained, as shown below, based on (Logan, 2008, Logan et al., 2008). 
The calculations were exactly the same as in “The Influence of pH and Temperature on 
Hydrogen Production in Continuous Flow Microbial Electrolysis Cell (MEC) Reactor“ with the 
only difference being the hydraulic retention time (HRT), was changed from 8.1 h to 9.6 h 
instead of 9 h, because tubing was replaced.  
i) Influence of Anode Type  on the Hydrogen and  Methane Production and 
Cathodic Current Density in MECs 
 
In experiment 4.2 the influence of 4 anode types  and acetate concentration on the hydrogen 
production rate was investigated for 20 mmol L-1 to 10 mmol L-1 and then to 5 mmol L-1 
acetatete solutions. Analysis of other parameters associated with hydrogen production, such 
as COD reduction, current density, pH of the catalyte at the applied voltage of 850 mV (pH 
5.3) was performed.  
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In experiment 4.3 the influence of 4 electrode configurations and the influence of 10 mmol L-1 
acetate and 10 mmol L-1 butyrate mixtures and a full substrate switch on the hydrogen 
production rate was also investigated, using same methodology as in experiment 4.2.  
 
Only 4 MECs could be operated at the same time, so n refers to number of experimental 
repeats experiments 4.2, 4.3, 4.2 i (repeat) and 4.3 i (repeat), so n=2. Since the MEC (UCC) 
contained the electrode configuration used in work previously performed all modifications 
were compared to UCC design and MEC (JC) was control for MEC (RR), see “Materials and 
Methods” section 4. 
  
Results for Experiments 4.2 and 4.2 i: 
 
The hydrogen production rate decreased with the decrease in acetate concentration from     
20 mmol L-1 (5 days) to 10 mmol L-1 (5 days) to 5 mmol L-1 (5 days). A stepwise decrease for 
in the hydrogen production rate and current density with each step corresponding to five day 
periods was observed for MFCs UCC, MBi and RR (Fig. 43), when substrate concentration 
was changed. There were large current and hydrogen production rate fluctuations for MFC 
JC making it difficult to determine, if how the decrease in acetate concentration affected its 
performance.  
 
For the MEC (UCC) the hydrogen production rates and current densities are shown below:- 
 
i) At a 20 mmol L-1 acetate concentration, the highest hydrogen production rates 
were obtained, which amounted to 165±5 cm3 L(anode)-1 day-1 (n=2) were achieved 
(see figure 39, p.161 for details) with a current density 1.7±0.1 A m-2  (see Fig. 42 
and   Fig.  43) and a COD reduction  58±2 %, for the MEC (UCC) (see Table 3.2 in 
“Appendix A-3” section 9.3).    
 
ii) At a 10 mmol L-1 acetate concentration, the hydrogen production rates of     
80.5±0.5 cm3 L(anode)-1 day-1 (n=2) were achieved (see figure 39, p.161 for details) 
with a current density 1.5±0.2 A m-2  (see Fig. 42 and Fig.  43) and a COD 
reduction  64±2 %, for the MEC (UCC) (see Table 3.2 in “Appendix A-3” section 
9.3).    
 
iii) At a 5 mmol L-1 acetate concentration, the hydrogen production rates of            
36±1 cm3 L(anode)-1 day-1 (n=2) were achieved (see figure 39, p.161 for details) with 
a current density 1.3±0.1 A m-2  (see Fig. 42 and Fig.  43) and a COD reduction 





For MEC (MBi) the hydrogen production rates and current densities are shown below:- 
 
i) At a 20 mmol L-1 acetate concentration, the highest hydrogen production rates for 
the MEC (MBi) were obtained, which amounted to 20±2 cm3 L(anode)-1 day-1 (n=2) 
were achieved (see figure 39, p.161 for details) with a current density      
1.25±0.05 A m-2  (see Fig. 42 and Fig. 43) and a COD reduction 36±1 %, for MEC 
(MBi) (see Table 3.2 in “Appendix A-3” section 9.3).    
 
ii) At a 10 mmol L-1 acetate concentration, the hydrogen production rates of                        
5±3 cm3 L(anode)-1 day-1 (n=2) were achieved (see figure 39, p.161 for details) with a 
current density 1.1±0.1 A m-2  (see Fig. 42 and Fig.  43) and a COD reduction   
39±3 %, for MEC (MBi) (see Table 3.2 in “Appendix A-3” section 9.3).    
 
iii) At a 5 mmol L-1 acetate concentration, the hydrogen production rates of               
2±1 cm3 L(anode)-1 day-1 (n=2) were achieved (see figure 39, p.161 for details) with a 
current density 0.7±0.1 A m-2  (see Fig. 42 and Fig.  43) and a COD reduction  
58±2 %, for MEC (MBi) (see Table 3.2 in “Appendix A-3” section 9.3).    
 
At a 20 mmol L-1 acetate concentration, methane production rates of                             
18.9±0.4 cm3 L(anode)-1 day-1 (n=2) were achieved; at 10 mmol L-1 acetate concentration 
methane production rates amounted to 11.9±1.9 cm3 L(anode)-1 day-1 (n=2), and  at 5 mmol L-1 
acetate concentration methane production rates amounted to 5.5±0.7 cm3 L(anode)-1 day-1 (n=2), 
for MEC (UCC), see figure 39, p.161 for details.  
 
At a 20 mmol L-1 acetate concentration, methane production rates of                              
32.5±0.5 cm3 L(anode)-1 day-1 (n=2) were achieved; at 10 mmol L-1 acetate concentration 
methane production rates amounted to 28.1±1.1 cm3 L(anode)-1 day-1 (n=2), and  at 5 mmol L-1 
acetate concentration methane production rates amounted to 2.2±0.7 cm3 L(anode)-1 day-1 (n=2), 










For MEC (RR) hydrogen production rates and current densities were shown below:- 
 
i) At a 20 mmol L-1 acetate concentration, the highest hydrogen production rates 
were obtained which amounted to 175±5 cm3 L(anode)-1 day-1 (n=2) were achieved 
(see figure 40, p.162 for details) with a current density 2.2±0.05  A m-2  (see Fig. 42 
and Fig.  43) and a COD reduction  30±2  %, for the MEC (RR) (see Table 3.2 in 
“Appendix A-3” section 9.3).    
 
ii) At a 10 mmol L-1 acetate concentration, the hydrogen production rates of                         
51±7 cm3 L(anode)-1 day-1 (n=2) were achieved (see figure 40, p.162 for details) with 
a current density 1.44±0.05 A m-2 (see Fig. 42 and Fig.  43) and a COD reduction 
64±3 %, for the MEC (RR) (see Table 3.2 in “Appendix A-3” section 9.3).    
 
iii) At a 5 mmol L-1 acetate concentration, the hydrogen production rates of 4±1  cm3 
L(anode)-1 day-1 (n=2) were achieved (see figure 40, p.162 for details) with a current 
density 1.03±0.23  A m-2  (see Fig. 42 and Fig.  43) and a COD reduction 69±2 %, 
for the MEC (RR) (see Table 3.2 in “Appendix A-3” section 9.3).    
 
 
Error bars represent variations from the average for n experimental repeats (n = 2). 
 
Figure 39 -Variations of different hydrogen production rates, in the cathode 
chamber, compared to methane production rates for MECs, with MECs with UCC  




At a 20 mmol L-1 acetate concentration, methane production rates of                                  
12.2±1.2 cm3 L(anode)-1 day-1 (n=2) were achieved; at 10 mmol L-1 acetate concentration 
methane production rates amounted to 16.3±1.3 cm3 L(anode)-1 day-1 (n=2), and  at 5 mmol L-1 
acetate concentration methane production rates amounted to 12.8±0.8 cm3 L(anode)-1 day-1 
(n=2), for MEC (RR), see figure 40 for details.  
 
 
Error bars represent variations from the average for n experimental repeats (n = 2). 
 
Figure 40 – Variations of different hydrogen production rates, in the cathode chamber, 
compared to methane production rates for MECs, with RR anodes 
compared to MECs (UCC) under different substrate loadings. 
 
For the MEC (JC) the following hydrogen production rates and current densities were found:- 
 
i) At a 20 mmol L-1 acetate concentration, the highest hydrogen production rates for 
the MEC (JC) were obtained, which amounted to 7.7±0.2 cm3 L(anode)-1 day-1 (n=2), 
(see figure 41, p.163 for details); with a current density of 1.12±0.48 A m-2 (Fig. 42 
and Fig. 43), a COD reduction of 63±5 %, for MEC (JC) (see Table A-3.2 in 
“Appendix A-3” section 9.3). 
 
ii) At a 10 mmol L-1 acetate concentration, the hydrogen production rates of                        
8.8±0.2  cm3 L(anode)-1 day-1 (n=2) were achieved, (see figure 41, p.163 for details) 
with a current density of 1.2±0.2 A m-2  (see Fig. 42 and Fig. 43), and a COD 




iii) At a 5 mmol L-1 acetate concentration, the hydrogen production rates of 0.3±0.1 
cm3 L(anode)-1 day-1 (n=2) were achieved (see figure 41 for details) with a current 
density 0.8±0.2 A m-2  (see Fig. 42 and Fig.  43) and a COD reduction 74±5 %, for 
MEC (JC) (see Table 3.2 in “Appendix A-3” section 9.3).    
 
At 20 mmol L-1acetate concentration methane production rates of 46.4±1.4 cm3 L(anode)-1 day-1 
(n=2) were achieved; at 10 mmol L-1 acetate concentration methane production rates 
amounted to 6.7±0.7 cm3 L(anode)-1 day-1 (n=2), and  at 5 mmol L-1 acetate concentration 
methane production rates amounted to 1.8±0.1 cm3 L(anode)-1 day-1 (n=2), for MEC (JC) (see 
figure 41 for details).  
 
 
Error bars represent variations from the average for n experimental repeats (n = 2). 
. 
Figure 41 – Variations of different hydrogen production rates, in the cathode chamber, 
compared to methane production rates for MECs, with JC anodes 
compared to MECs (UCC) under different substrate loadings. 
 
Results for Experiments 4.3 and 4.3 i: 
 
The hydrogen production rates and current densities, for 10 mmol L-1 acetate 10 mmol L-1 
butyrate solution, for MEC (UCC) increased to the levels similar to that observed for pure       
5 mmol L-1 acetate solution and decreased to 0, for full substrate switch full substrate switch 




For MECs MBi, RR and JC the hydrogen production rates and current densities decreased to 
0, for 10 mmol L-1 acetate 10 mmol L-1 butyrate solution and full substrate switch to from 
acetate to 20 mmol L-1 butyrate. These results can be presented as shown below:- 
 
i) For the MEC (UCC), the hydrogen production rates of 45±2 cm3 L(anode)-1 day-1 
(n=2) were achieved, (see figure 39 for details) with a current density            
1.5±0.1 A m-2 (see Fig. 42 and Fig. 43) and a COD reduction of 2±1 % (see Table 
A-3.2 in “Appendix A-3” section 9.3).  
 
ii) For the MEC (MBi), the hydrogen production rates of 2±1 cm3 L(anode)-1 day-1 (n=2) 
were achieved, (see figure 41 for details) with a current density 0.975±0.03 A m-2 
(Fig. 42 and Fig. 43) and a COD reduction of 5±1 % (see Table A-3.2 in “Appendix 
A-3” section 9.3). 
 
iii) For the MEC (RR), the hydrogen production rates of 3±1 cm3 L(anode)-1 day-1 (n=2) 
were achieved (see figure 40 for details) with a current density 1.2±0.2 A m-2 (Fig. 
42 and Fig. 43) and a COD reduction of 43±3 % (see Table A-3.2 in “Appendix A-
3” section 9.3). 
 
iv) For the MEC (JC), the hydrogen production rates of 6.5±1.5 × 10-2  cm3 L(anode)-1 
day-1 (n=2) were achieved (see figure 41 for details) with a current density 
0.55±0.35 A m-2 (Fig. 42 and Fig. 43) and a COD reduction of 6±1 % (see Table A-
3.2 in “Appendix A-3” section 9.3). 
 
Methane production rates obtained for 10 mmol L-1 and 10 mmol L-1 acetate and butyrate 
solutions and for full substrate switch from acetate to 20 mmol L-1 butyrate are shown below:-  
 
i) For the MEC (UCC), the methane production rates of 7.8±0.8 cm3 L(anode)-1 day-1 
(n=2)  for 10 mmol L-1 acetate and 10 mmol L-1 butyrate solution and                        
0.8±0.2 cm3 L(anode)-1 day-1 (n=2) for 20 mmol L-1 butyrate were achieved (see figure 
39 for details).  
 
ii) For the MEC (MBi), the methane production rates of 0.1±0.0 cm3 L(anode)-1 day-1 
(n=2) for 10 mmol L-1 acetate and 10 mmol L-1 butyrate solution and              
0.0±0.0 cm3 L(anode)-1 day-1 (n=2) for 20 mmol L-1 butyrate were achieved (see figure 






iii) For the MEC (RR), the methane production rates of 0.2±0.1 cm3 L(anode)-1 day-1 
(n=2) for 10 mmol L-1 acetate and 10 mmol L-1 butyrate solution and              
0.0±0.0 cm3 L(anode)-1 day-1 (n=2) for 20 mmol L-1 butyrate were achieved (see figure 
40 for details). 
 
iv) For the MEC (JC), the methane production rates of 0.2±0.1 cm3 L(anode)-1 day-1 
(n=2) for 10 mmol L-1 acetate and 10 mmol L-1 butyrate solution and 0.1±0.0 cm3 
L(anode)-1 day-1 (n=2) for 20 mmol L-1 butyrate were achieved (see figure 41 for 
details). 
 
Error bars represent variations from the average for n experimental repeats (n = 2). 
 












Where a is substrate (acetate or butyrate) 20 mmol  L-1, b is 10 mmol  L-1 and c is  5 mmol  L-1 
respectively, on weeks 11 - 13;   d is acetate (10 mmol  L-1) / butyrate (10 mmol  L-1) mixtures 
on weeks 13-13.8 and e is full substrate change (20 mmol  L-1) on weeks 13.8-14.5.  
 
Figure 43 – The current densities of MEC reactors with four different anode 
configurations under different substrate loadings.   







Figure 44 – The pH (44 a and 44 b) and Temperature (44 c and 44 d) of MEC Reactors 
with Four Different Anode Configurations under Different Substrate 
Loadings. 
 
The temperature was maintained at 30 oC (Fig. 44 a and Fig. 44 b) with small fluctuations 
caused by problems with one temperature controller for MEC (UCC) for less than a day, 
which was repaired several once, sometimes twice a week during 1st three weeks of 
operation.  It could be suggested that the fluctuations in pH (Fig. 44 c and Fig. 44 d) were 
caused by microbial activity on the anode surface with biggest drops in pH corresponding to 
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ii) Effect of Changes in Acetate and / or Butyrate Concentrations on Other 
Performance Factors such as Coulombic Efficiency (CE) and Hydrogen 
Recovery per mol of Substrate Consumed 
Coulombic efficiencies (CEs), see “Electrochemical Analysis Methods” section 4.7 for details, 
compared current recorded across 1Ω resistor between the cathode and the power supply to 
theoretical current obtained from COD reduction. With decrease in the substrate 
concentration theoretical current obtained from COD reduction becomes smaller, hence CE 
values go up for MECs (UCC, MBi and JC), as observed for pure acetate for MECs (AC, with 
anode acclimated to acetate), as shown on Table 16. For MEC (RR, stainless steel cloth 
carbon cloth roll) however CE values (Table 16) and COD values decreased with decrease in 
substrate concentration.  
 
The hydrogen yields in table 16 relate COD reduction (the amount of substrate consumed) to 
hydrogen production rates. Hydrogen yields decreased with decrease in substrate 
concentration. For MEC (RR) highest hydrogen yield obtained was                                       
0.67 mol(hydrogen) mol(acetate)-1  (n=2) at 20 mmolL-1 acetate concentration, which quickly 
decreased to that ≤ 0.03 mol(hydrogen) mol(acetate)-1. It could be suggested that stainless carbon 
cloth / steel cloth anode in MFC (RR) provided poor attachment for bacteria on the anode 
surface in continuous flow system. COD reduction however remained ≈ 60%, which is 20% 
higher than that for MECs with other electrode designs to which it was compared. Higher 
substrate removal indicates that there were more bacteria in the MEC reactor, which could 
remain in suspended phase substrate solution. According to Logan (2008) electricity 
producing bacteria exist in symbiotic relationship with archaea that act as electron sinks for 
electricity producing microorganisms. It could be suggested that in the solution archaea 
become the electron acceptors for electricity producing bacteria instead of anode. This 
hypothesis however requires microbiology analysis to be confirmed.  MEC (MBi) and MEC 
(JC) produced small amounts of hydrogen which resulted small hydrogen yields                       
≤ 0.03 mol(hydrogen) mol(acetate)-1, which decreased with decrease in substrate concentration.                  
10 mmol L-1 acetate and 10 mmol L-1 butyrate produced even smaller hydrogen yields             










Table 16 – Comparison of coulombic efficiency (CE), cathodic hydrogen recovery and 





H2 production rate 
cm3 L(anode)-1 day-1 
Cathodic H2 
recovery (%) 
CE (%) H2 yield mol/mol 
substrate consumed 
  RR JC RR JC   RR            JC RR           JC 
acetate 20 175±5.0 7.7±0.2 10±1 19±0 48±2 5±0 0.67±0.1 4×10-2±0 
 10 51±7.0 8.8±0.2 4±2 7±0 21±1 11±0 (3±1)×10-2 3×102±0 




10 and 10 3±1.0 6.5±1.5 1.8±1 0.16±0 13±2 42±0 (2±2)×10-2 3×10-3±0 
butyrate 20 0 0 0 0 0 0 0 0 
  MBi UCC MBi UCC MBi UCC MBi UCC 
acetate 20 20±2 165±5 5.6±1 35±2 15±2 29±2 4×10-2±0 0.46±0 
 10 5±3 80±1 0.4±2 25±1 16±2 36±2 1×10-2 ±0 0.39±0 
 5 2±1 36±1 0.8±0 10±0 19±1 40±2 8×10-3±0 0.16±0 
acetate and  
butyrate 
mixture 
10 and 10 2±1 45±2 0.1±0 42±2 18±0 42±2 6×10-3±0 0.1±0 
butyrate 20 0 0 0 0 0 0 0 0 
A STP. Theoretical H2 yields: 10 mol/per mol butyrate; 4 mol/mol acetate; 12  mol/molglucose  
± represents variations from the average for n experimental repeats (n=2) 



















i) Effect of Anode Construction on MFC Performance 
 
Four types of anodes were prepared and tested in MFC and MEC modes. RR and UCC 
designs performed better than JC and MBi anodes. For the first time the performance of MFC 
with MB treated carbon anode was assessed and compared at 150 Ω and 1000 Ω 
resistances. MFC cell with MB treated anode (MB) was shown to perform better with peak 
power density twice as high as that of control (Fig. 36 – Fig. 38) but similar coulombic 
efficiency (CE) and energy recovery (E) values (CE=82 % and E=22 %) than MFC with 
untreated carbon anode (UCC, CE=78 % and E=20 %), if operated at 150 Ω resistance 
(Table 17 and experiment 2.1 in “The Effect of Immobilized Methylene Blue and Neutral Red 
on the Current Production in Microbial Fuel Cells (MFCs)” section 6.2 for details). This could 
be a feasible activation method for carbon electrodes for electrogenic bacteria, which could 
simultaneously treat contaminated wastewater (e.g. dye), and generate electrical power. If, 
however, MFC, with MB treated anode, was operated at 1000 Ω resistance MB (MFC MBi) 
inhibited the current generation and power densities by the factor of 2 (Fig. 37) with 
coulombic efficiency (CE) significantly lower than for MFC with anode acclimated to 150 Ω 
resistance (CE=19 %, E=3 %, Table 16), which according to our knowledge was not 
mentioned in literature before. For MFC with untreated carbon cloth anode (UCC, control) 
acclimated to 1000 Ω resistance the power densities (Fig. 37) were smaller by the factor of 2 
than MFCs with anodes acclimated to 150 Ω (Fig. 26). It could be suggested that different 
resistances promote the growth of biofilms containing different species bacteria on the anode 
surfaces in BESs (Gil et al., 2003, Rismani-Yazdi et al., 2011). Other studies suggest that 
operating MFC at low resistance promotes the growth of exoelectrogenic bacteria, compared 
to that of MFC operated at high resistance (Rismani-Yazdi et al., 2011, Katuri et al., 2011).  
 
. Table 17 – Comparison of coulombic efficiency (CE) and energy recovery values for 
MFCs  fed with acetate (20 mmol L-1) enriched at 150 Ω and 1000 Ω. 
 
Resistance  CEp (c) CE (%) Ep (J) E (%) 
150 Ω UCC 2419±15 78±1 728±5 21 
 MB 2532±8 82 770±2 22 
1000 Ω UCC 1143±25 37±1 280±8 8 
 RR 1235±83 40±3 450±25 12±1 
 JC 1081±60 35±2 335±18 10 
 MBi 587±8 19 110±2 3 
CEt (AC) = 3088 c, Et (AC) = 3501 J 






ii) Factors Effecting MEC Performance 
 
When the anode from MFC (UCC) was removed after 7 weeks of sequencing  batch 
operation (SBR) and placed into the anode chamber of MEC (UCC, see “Experimental 
Regime” section 5 for details) it similar daily hydrogen production rate to that produced by 
MEC (AC) performance of which was assessed in “The Influence of Changes in Acetate and 
Butyrate Concentrations and Full Substrate Switch on Gas Production from Two Microbial 
Electrolysis Cells (MECs) Acclimated to either Acetate or  Butyrate” section 6.3, as expected 
for control reactor.   
 
When the anode from MFC (RR) was removed after 7 weeks of sequencing  batch operation 
(SBR) and placed into the anode chamber of MEC (RR, see “Experimental Regime” section 5 
for details) it produced more hydrogen than MEC (UCC, control 1), see Fig. 40 for details. 
The hydrogen production rate and substrate consumption, however rapidly decreased after 5 
days of operation on 20 mmol L-1 acetate. Large fluctuations and the drop in hydrogen 
production rates and anodic current density for MEC with RR anode could be due to poor 
biofilm attachment (Dumas et al., 2008a, Dumas et al., 2008b), which was coming off when 
the device was operated in continuous flow mode. Stainless steel provides poor attachment 
to the bacteria but was better conductivity, so carbon cloth was added to provide attachment 
to bacteria on the electrode surface. It could be suggested that operation of MEC reactor in 
continuous flow mode caused bits of biofilm on the electrode surface to come off (Shen et al., 
2013), which would explain decrease in hydrogen production rates (Fig. 40), CE (Table 16) 
and COD removal (Table A-2.1, “Appendix A-2” section 9.2). Stainless steel is also chromium 
coated, which could be toxic to the bacteria (Jagielski et al., 2000, Nam and Lee, 2007). 
 
When the anode from MFC (MBi) was removed after 7 weeks of sequencing  batch operation 
(SBR) and placed into the anode chamber of MEC (MB, see “Experimental Regime” section 5 
for details) it produced less hydrogen than MEC (UCC, control 1), see Fig. 39 for details. It 
could be suggested that anode from MFC (MB) acclimated to methylene blue at 1000 Ω 
resistance had exactly the same effect of MEC performance as it did on MFC performance, 
as described in MFC operation in Discussion section 6.4.3. 
 
When the anode from MFC (JC, control 2) was removed after 7 weeks of sequencing  batch 
operation (SBR) and placed into the anode chamber of MEC (MB, see “Experimental 
Regime” section 5 for details) it produced least hydrogen and most methane (Fig. 41) 
because  J cloth (see “Materials and Methods” section 4 for details) was not conductive. Non 
conductive surfaces on bioanode can provide area for the attachment of archaea (Afzal 




Methane was detected in both anode and cathode chambers, however the pH in the cathode 
chamber was kept at 5.3 and the electrolyte solution contained 30 g L-1 of salt making it 
impossible for methanogenesis to occur. It could be suggested that methanogenesis was 
either occurring on the membrane or in the acetate solution in the anode chamber, where pH 
was 6.75±2.5. Compared to control 2 MECs (RR and MBi) produced more hydrogen but 
compared to MEC (UCC, control 1) they performed worse (Fig. 39 – Fig. 41). 
6.4.4  Conclusion 
 
This work shows the importance of assessing all possible materials from which the electrodes 
for a continuous flow MEC system could be built before designing one. Conductivity, surface 
area available for electrogenic activity and bacterial attachment to electrode surface has on 
voltage, % of substrate removed and power production have to be assessed in detail prior to 
building a larger reactor. It shows that anodic structure had an effect on the performances of 
MFCs and MECs. This study showed that stainless steel carbon cloth roll (RR) material did 
not increase voltage production and power density in MFCs or hydrogen production rates and 
cathodic current density in MECs, as expected. 
 
Methylene blue treated anode surface was shown to inhibit electricity production in MFCs and 
hydrogen production rates in MECs for microbial culture grown at 1000 Ω resistance, which 
was expected to increase voltage production in the same way it did for microbial culture 
acclimated to 150 Ω resistance. 
 
The microbial culture acclimated to acetate was shown to be unable to consume butyrate as 
substrate. Although this was failure this experiment inspired experiments involving microbial 
cultures acclimated to butyrate described in “The Influence of Changes in Acetate and 
Butyrate Concentrations and Full Substrate Switch on Gas Production from two Microbial 













6.5 Scaled Up Multi Anode Chamber Microbial Electrolysis Cell (Revolver 
Reactor)  
 
Reports on larger scale microbial (greater than 1 liter) electrolysis cells (MECs) are a 
relatively rare due to the relatively recent development of this research field, and to date only 
a few scaled up systems have been built. Studies conducted on a 120 L MEC revealed that 
even though it is a promising technology for urban and industrial wastewater treatment, 
several difficulties still need to be overcame such as low hydrogen production rates  produced 
only 15 cm 3 L-1domestic wastewater day-1 (Heidrich et al., 2013), for 10 L MEC which produced               
45 cm 3 L-1wastewater day-1 (Gil-Carrera et al , 2011). Studies conducted by Cusick et al (2011) at 
1000 L MEC which produced 190 cm 3 L-1vine wastewater day-1, although most of the product gas 
was converted to methane (86!±!6%). The biggest problem with all designs previously 
reported in literature is that they contained single large anode chambers with plenty of space 
for archaeal planktonic biofilm to grow, in study by  hydrogen. Archaea convert hydrogen and 
/ or substrate into methane hence preventing the growth of methanogens is one of the major 
issues in scaled up MECs (Thauer, 1998). Another major issue is poor conductivity of 
wastewater making it a poor electrolyte (Cusick et al., 2011) and the requirement of adding 
phosphates to convert wastewater into buffer as done in previous experimental work in this 
thesis is expensive. The aim of this work is describe in “Aims of this Thesis” section 3 in 
greater detail. The most important aims for this work were:  
 
i) To design a scaled up MEC cell consisting of separate modules that could easily 
be replaced capable of treating larger volumes of wastewater                         
(>1000 L vine wastewater day-1) 
 
ii) To address the issues associated with a low hydrogen production rate previously 
reported in literature for scaled up MEC systems. 
 
iii) To design anode chamber modules and novel anodes for a scalable MEC based 
on conclusions from the experimental work in this thesis. 
 
6.5.1 Results and Discussion 
 
A scaled up microbial electrolysis (MEC) system was designed (Fig. 45) and materials were 
ordered. It was referred to as Revolver Reactor because of its seven anode rods inside the 
cathode chamber resembling the barrel of a revolver. It was based around the design for 




An industrial scale microbial electrolysis (MEC) system has to be run continuously at high 
volumes (>100 m3 per day) and should be designed in such a way that it could be possible to 
move large amounts of liquid through these devices and be scalable. The volume of 1 anode 
chamber anode rod is 453×7 = 3171 cm3 = 3.2 L inside 19 L cathode chamber.  It has 12.5h 
HRT (hydraulic retention time, the time needed for 3.2 L day-1 of influent to pass through 
reactor), for details) if the same pump used for upflow MEC in experiment 1 (see “Materials 
and Methods” section 4) is used to pump the influent into the large scale reactor. If a design 
in “experiment 3” (also see “Materials and Methods” section 4) is capable of producing 65 cm3 
of hydrogen per 326 cm3 anode chamber than MEC with 453 cm3 anode chamber could 
theoretically produce 65/326×3271=652 cm3 day-1. This reactor is likely to perform better than 
designs reported by Heidrich at al (2012) and Gil-Carrera et al (2013). The work on the 





























                   Figure 45 – A 3d drawing of cathode and anode chamber assembly for  





6.5.2  Conclusion 
 
A scaled up microbial electrolysis (MEC) reactor was built to address major issues which 
were reported in literature for the research on scaling up MECs,  i.e. the relatively low 
volumes of substrate treated and the relatively low volumes of gas produced per day. The 
design was based on the design described in “The Influence of Temperature and 
Catholyte pH on the Hydrogen Production in Microbial Electrolysis Cells (MECs)” section 
6.1, which was shown to perform to required standard (hydrogen production rate at     
≈200 cm 3 L-1substrate day-1). The proposed seven chamber design was built and assembled 






























7. Thesis Conclusions and Further  Work  
7.1 Conclusions  
 
i) The aims of this work were to assess how an increase in temperature, pH and 
applied voltage would affect the hydrogen production rates (cm3 L(anode)-1 day-1) for 
microbial electrolysis cells (MECs). The expected result was that the increase in 
temperature from 18 oC to 35 oC would increase the hydrogen production rate 
followed by decrease in hydrogen production rate at 35 oC -  53 oC. The hydrogen 
producing bacterial consortium was expected to be predominantly mesophilic in 
character, with temperatures above 35oC and below 19 oC inhibiting the hydrogen 
production rate. The optimal pH for hydrogen production was expected to be pH 7, 
with a decrease in hydrogen production rate seen for pH 5 and pH 9 because 
electrogenic hydrogen producing bacteria previously reported in the literature, 
such as: Geobacter  species  are reported to be most active at neutral pH.  The 
pH in the two chamber MEC cells (biotic anode and abiotic cathode) was kept at 
the same pH in both chambers to allow efficient ion transport. The effect of 
temperature and pH on daily hydrogen and daily methane production was 
assessed together with other associated parameters, such as COD reduction, pH, 
conductivity and anodic and cathodic potentials vs reference electrodes. 
 
Temperatures within the range of 18 oC to 53 oC and pH ranging from 5 to 9 were 
tested. This experiment demonstrated that  the 1 L microbial electrolysis cell could 
be operated at room temperature (≈23 oC) with highest hydrogen hydrogen yield      
1.1 mol(hydrogen) mol(acetate)-1, corresponding to daily volumetric production of         
200 cm3 L(anode)-1 day-1 at the upper  end of the mesophilic temperature range 30 oC 
at an applied voltage of 850 mV, at pH=5. These results were as expected for 
optimal temperature for hydrogen production as being  between 20 oC and 25 oC 
but the results did not support that  pH 7 was  optimal pH in the  cathode chamber.  
 
Two applied voltages of 850 mV and 600 mV were tested at the same temperature 
and pH range. The hydrogen production rate was expected to be higher at an 
applied voltage of 850 mV and lower at the applied voltage of 600 mV. As 
expected, a lower hydrogen yield 0.52 mol(hydrogen) mol(acetate)-1, corresponding to 
volumetric production of 92 cm3 L(anode)-1 day-1 was produced at the  lower applied 
voltage of 600 mV at pH=5. A lower volumetric hydrogen production rate which 
makes the process  more efficient in terms of the energy consumption but less 




It was also shown that the current density, which is proportional to the daily 
hydrogen production rate, could be logged continuously on line and was 
successfully used to monitor MEC performance. This would allow industrially 
deployed units to be monitored and controlled by computer-based systems without 
the use of  expensive hydrogen sensors.  
 
ii) To improve the performance of the biocatalyst (bacteria) in microbial fuel cells 
(MFCs) electron carriers were immobilized onto the anode surface hence 
improving the electron transport from bacteria to the anode. The aim of this 
experiment was to immobilize two artificial electron carriers methylene blue (MB) 
and neutral red (NR) onto the carbon cloth anode surface and to assess the effect 
of temperatures 8 oC, 23 oC and 35 oC on performance of MFC cells acclimated to 
23 oC. Both artificial electron carries (MB and NR) were expected to improve the 
electron transport from electrogenic biofilm grown on the anode surface and 
highest current was expected to be observed either at 23 oC or 35 oC. The 
electricity producing bacterial consortium was expected to be predominantly 
mesophilic in character, with temperatures above 35 oC and below 19 oC inhibiting 
electricity production. 
 
A new passive adsorption technique was developed which enabled the 
immobilization of neutral red (NR) and methylene blue (MB) up to 0.54 mg cm-2 
onto carbon cloth  from  1.56 mmol L-1 solutions. Methylene blue  was shown to 
improve  maximum power density (Pmax) and current production (mA) in microbial 
fuel cells (MFCs) compared to MFCs with untreated carbon anodes (controls), 
both types of MFCs operated at 150 Ω resistance. The choice of the electron 
carrier was found to have a significant effect on MFC performance with MB having 
positive effect and NR having an inhibitory effect on Pmax and current production. 
The results were as  MFCs (MB) Pmax ≈ 8.7 Wm-3 (6.6 mA), MFCs (control) Pmax ≈ 
4.5 W m-3 (4.7 mA)  and MFCs (NR) Pmax ≈ 2.63 W m-3 (2.29 mA) at the room 
temperature (≈ 23 oC) on MFCs acclimated to 150 Ω resistance. A new and 
unexpected finding was the inhibitory effect of NR on electricity production and 
that the choice of resistance was found to have a large effect on MFC 
performance with MB having inhibitory effect on Pmax and current production for 
microbial culture acclimated to and operated at 1000 Ω resistance, (MFC MBi), as 
shown in Conclusions part iii).  
 
The effect of temperature on the performance of MFCs with mediator treated 
anodes acclimated to 150 Ω resistance was also conducted in order to determine 
the best temperature range for the current production. 
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The effect of the incubation temperatures of 8 oC, 35 oC and 40 oC was tested on 
microbial culture acclimated to room temperature  ≈ 23 oC. MFC MB produced 
maximum power density (Pmax) twice that of MFCs (control) at temperatures 8 oC, 
23 oC and 35 oC. At 35 oC power densities increased to  MFCs (MB) Pmax ≈            
≈ 11.78 W m-3 (7.5 mA), MFCs (control) Pmax ≈ 5.3 W m-3 (5.2 mA) and MFCs (NR) 
Pmax ≈ 3.06 W m-3 (3.19 mA) and no power or current produced at 40 oC. This 
result also shows that mesophilic culture developed at 23 oC could operate at 
mesophilic temperatures but not at the meso/thermo crossover area. This method 
for mediator attachment could be used for anode preparation for scaled up 
systems hence improving their performance.  
 
iii) The fermentative conversion of organic substrate to biohydrogen produces volatile 
fatty acid (VFA) rich effluents, typically a 40 % acetate and 60 % butyrate mixture. 
These VFA products can be used as feedstock for microbial electrolysis (MEC), to 
recover more hydrogen. The effect of different acetate and butyrate concentrations 
on hydrogen and methane production and full substrate switch was assessed in 
microbial electrolysis cells (MECs) acclimated to acetate (AC) and butyrate (BU). 
Other parameters associated with hydrogen production, such as COD reduction, 
pH, conductivity and anodic and cathodic potentials vs reference electrodes were 
also evaluated. It was not known exactly how the changes in substrate 
concentrations would affect hydrogen production rates (cm3 L(anode)-1 day-1) for 
microbial electrolysis cells (MECs). The effect of butyrate on methane production 
in MECs has never been reported in literature before hence it was important to 
find out if it could inhibit methanogenic Archaea that utilize the hydrogen from the 
hydrogen producing bacteria. The highest hydrogen yield observed for MEC (BU) 
with its anode acclimated to butyrate was 0.64 mol(hydrogen) mol(butyrate)-1 
corresponding to daily volumetric hydrogen production of 177 cm3 Lanode-1 day-1 was 
observed for 5 mmol L-1 pure butyrate solution. The highest volumetric hydrogen 
production rate of 251 cm3 Lanode-1 day-1 corresponding to hydrogen yield of                                     
0.52 mol(hydrogen) mol(acetate)-1 was observed for MEC (BU) when butyrate was fully 
switched to 20 mmol L-1 acetate. The bacteria, in mixed biofilm consortium 
acclimated to butyrate in MEC (BU), were able to utilize acetate when butyrate 
was fully switched to acetate. The butyrate also had an inhibitory effect on 
methane production in the MEC (BU) resulting in higher hydrogen yield compared 
to MEC reactor containing biofilm acclimated to acetate in MEC (AC). Pure 
butyrate, inhibited hydrogen production rate in the MEC (AC), when acetate was 
fully switched to butyrate.  
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These phenomena have not previously reported been in the literature. The reason 
for this effect was postulated to be the presence of two microbial consortia: one 
that converted butyrate into butyrate into acetate and hydrogen and another that 
converted acetate into carbonate and hydrogen. MEC (BU) contained both biofilm 
consortia and MEC (AC) only contained the biofilm that converted acetate into 
carbonate and hydrogen. This theory was supported by another experiment where 
a substrate flow through MEC (BU) was stopped for three days. The VFA analysis 
of solution samples taken every 7 hours showed a slow drop in butyrate 
concentration from 20 m mol L-1 to 0 m mol L-1 and simultaneous increase in 
acetate concentration, over the period of two days, followed by a decrease in 
acetate concentration on day 3. Pure butyrate, inhibited hydrogen production rate 
in the MEC (AC) when acetate was fully switched to butyrate. This work shows 
that it would be possible to treat the liquid effluent from hydrogen fermenters, 
which consists of a mixture of acetate and butyrate with MEC reactor improving 
the overall hydrogen fermenter – MEC system hydrogen yield by 40%.  
 
iv) In order to improve the performance of biocatalyst (bacteria) in microbial fuel cells 
(MFCs) or microbial electrolysis cells (MECs) carbon stainless steel materials 
could be used providing attachment to the bacteria hence improving the electron 
transport from bacteria to the anode. The aim of this experiment was to assess the 
performance of carbon veil / stainless steel cloth material against two controls:  
plain carbon veil and non conductive J cloth – carbon cloth. The expected result 
was that stainless steel would have the same effect on electron transport from the 
bacteria to anode as electron carriers like methylene blue (MB), in Conclusions 
part ii), compared to controls. It was also important to determine if a microbial 
culture acclimated to 1000 Ω resistance would perform differently from microbial 
culture acclimated to 150 Ω resistance in microbial fuel cells (MFC). When the 
anodes from MFCs, acclimated to 1000 Ω resistance, were transferred into 
microbial electrolysis cells (MECs) operated at 1 Ω resistance where voltage was 
applied a shift in the microbial biofilm population was expected to occur leading to 
growth hydrogen producing bacterial consortium. It was important to assess any 
differences in the performance in MECs for anodes acclimated to different 
resistances, in MFC modes, prior to their transfer because, according to our 
knowledge, these types of studies were not reported in literature before. Carbon 
veil / stainless steel cloth russian roll (RR), plain carbon veil (UCC), non 
conductive J cloth – carbon cloth (JC) and methylene blue treated carbon cloth 
(MBi) were prepared and tested in MFCs at 1000 Ω resistance and MECs.  
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For MFCs, factors such as maximum power density (Pmax) and current production 
(mA) compared to MFCs with untreated carbon anodes (controls) were assessed.  
The choice of resistance was found to have a large effect on MFC performance 
with MB having inhibitory effect on Pmax and current production for microbial 
culture acclimated to 1000 Ω resistance. The results could be presented as:- MFC 
UCC Pmax = 3.13 W m-3 (2.85 mA), MFC (RR) Pmax = 2.85 W m-3 (3.08 mA), MFC 
(JC) Pmax= 2.32 W m-3 (2.78 mA) and MFC (MBi) Pmax= 1.10 W m-3 (0.61 mA). The 
difference in the current production found in MFCs for microbial cultures 
acclimated to 1000 Ω compared to microbial cultures acclimated to 150 Ω 
resistance was much bigger than expected and previously was not assessed in 
any detail in the literature previously. 
 
For MECs hydrogen and methane productions were assessed in microbial 
electrolysis cells (MECs) acclimated to acetate together with other parameters 
associated with it, such as COD reduction, pH, conductivity and anodic and 
cathodic potentials vs reference electrodes. The highest volumetric hydrogen 
productions could be presented as: MEC (UCC) 165±5 cm3 Lanode-1 day-1 
corresponding to hydrogen yield of 0.46±0 mol(hydrogen) mol(acetate)-1, MEC (RR) 
175±5.0 cm3 Lanode-1 day-1 corresponding to hydrogen yield of                       
0.67±0.1 mol(hydrogen) mol(acetate)-1, MEC (JC) 7.7±0.2 cm3 Lanode-1 day-1 corresponding 
to hydrogen yield of 4×10-2±0 mol(hydrogen) mol(acetate)-1, MEC (MBi)                       
20±2 cm3 Lanode-1 day-1 corresponding to hydrogen yield of                                 
4×10-2±0 mol(hydrogen) mol(acetate)-1. MEC (RR) did not perform as well as expected in 
the original hypothesis due to poor attachment of biofilm carbon / stainless steel 
material, but was still able to achieve the highest volumetric hydrogen yield but 
with less efficient substrate conversion into hydrogen compared to MEC (UCC). 
This work shows the importance of assessing all possible materials from which the 
electrodes for a continuous flow MEC system could be built before designing one. 
Conductivity, surface area available for electrogenic activity and bacterial 
attachment to electrode surface has on voltage, % of substrate removed and 
power production have to be assessed in detail prior to building a larger reactor.  It 
shows that anodic structure had an effect on the performances of MFCs and 
MECs.  
 
This study showed that stainless steel carbon cloth roll (RR) material did not 
increase voltage production and power density in MFCs, as expected, however it 
slightly increased hydrogen production rates and cathodic current density in 
MECs, as expected. MEC (MBi), which contained methylene blue treated carbon 
anode, was expected to perform better than controls MEC (JC) and MEC (UCC).  
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Microbial culture acclimated to MB anode at 1000 Ω resistance (MEC MBi) was 
shown to produce less hydrogen which shows the importance of using low 
resistance for acclimating the anode, as demonstrated in previous study, see 
Conclusions part ii).  
 
v) A scaled up microbial electrolysis (MEC) reactor was designed. The design was 
based on the design described in Conclusions part i) which was shown to perform 
to required standard (hydrogen production rate at ≈200 cm 3 L-1substrate day-1 for 
substrate flow rate 400 cm3substrate day-1). This can be used to treat 3171 cm3 = 3.2 
L of wastewater; typical laboratory scale hydrogen fermenters and be expected to 
produce 652 cm3 day-1 of hydrogen, which would be reasonable laboratory scale 
implementation to show a scalable demonstration of the principle of operation.  
 
7.2 Further Work  
 
The proposed future research areas for BES devices could be split into a number of areas, 
these include improving various physical design and electrochemical features to develop 
larger scale devices that would be required for the industrial deployment of MECs and 
research into identifying and improving the microbial communities used in MECs:-  
 
i) Experimental work shows that it would be possible to treat the liquid effluent from 
hydrogen fermenters, which consists of a mixture of acetate and butyrate with 
MEC reactor improving the overall system hydrogen yield.  Theoretical amounts of 
hydrogen produced by the integrated system based on practical results for 
fermentative hydrogen production rates show that ≈ 40 % improvement in 
hydrogen production rate (L(hydrogen) L(hexose)-1 day-1) and efficiency with which 
hexose can be converted into hydrogen (mol(hydrogen) mol(hexose)-1) can be achieved. 
MECs operating on effluents from hydrogen fermentation containing acetate and 
butyrate mixtures to convert organic waste into precious commodity like hydrogen 
are particularly important for wastewater treatment yet have not been reported in 
literature before. Natural gas price for hydrogen is $2.70/kg (Thompson et al., 
2013), so hydrogen production from waste can produce more profit than wastewater 
treatment methods currently in use, described in Future Work part iv). 
 
ii) There are many issues involving scaled up systems such as pressure and choice 
of materials for robust wastewater treatment systems. There is no benchmark for 
the reactor design of MEC for performance, cost or efficiency. Therefore there is a 
need to developing benchmarking based on surface areas of electrodes and 
cathode to anode surface area ratio.  
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The future of this work may be in introducing designs for tubular systems were 
plastic tubes are replaced with  gutter guards for guttering filters to increase the 
cathode surface area interacting with contents of the anode chamber through the 
ion exchange membrane. Cathodes in MFCs and MECs could be made from 
porous material such as reticulated vitreous carbon treated with catalyst to 
increase the number of active sites.  
 
iii) Platinum is considered to be the benchmark catalyst for oxygen reduction in 
MFCs, because it is also the benchmark catalyst in chemical fuel cells (Rozendal 
et al., 2009b, Rozendal et al., 2009a). Despite its good oxygen reduction 
properties, many disadvantages are associated with the use of platinum in BESs. 
The biggest problem is the cost that is associated with the use of platinum as a 
catalyst (Clauwaert et al., 2007b). Within this scope, replacing expensive cathode 
catalysts, like platinum, with cheaper materials is an important challenge. More 
research is put into replacing expensive cathode catalysts, such as platinum with 
cheaper NiW alloys (Hu et al., 2009) or stainless steel meshs (Cusick et al., 2011), 
explained in more detail on pages 38 - 47. A good example of such material is 
stainless steel A286 mesh with hydrogen production rate 1.5±0.04 m3 m-3(anode) 
day-1 (Selembo et al., 2009a) compared to 3.12 m3 m-3(anode) day-1 for carbon cloth 
cathode Pt (0.5 mg cm-2). The focus of future research could be in testing various 
methods of surface treatment of stainless steel particles used as catalyst and 
using the best catalyst for scaled up systems.  
 
iv) If a MFC or MEC systems are going to be used on an industrial scale they must be 
able to operate intermittently for long time periods, in continuous flow modes. This 
work shows that it is possible to build and operate scaled up MEC system. Pilot 
scale hydrogen fermentation MFC or MEC integrated systems could be used 
sewerage waste treatment and offer many advantages over techniques currently 
used. Conventional activated sludge treatment process, which involves pumping 
air or oxygen into sewage or industrial wastewater in order to promote growth of 
organisms to develop a biofilm, which reduces the organic content in treated 
wastewater. Integrated systems require less energy input and MFC integrated with 
hydrogen fermentation produces gas and electricity and does not require as much 
energy as activated sludge treatment, which only removes organic waste. The two 
stage process has been applied in the treatment and conversion of a wide range 
of wastes including food waste (Han and Shin, 2004) and agro-industrial waste 




Hydrogen fermenter and microbial fuel cell (MFC) were used as second stage 
process to convert byproducts of hydrogen fermentation (first stage), mostly 
acetate and butyrate mixtures into electricity (Guwy et al., 2011). This thesis 
proved that the two stage hydrogen fermentation – MFC could be implemented 
however MEC technology could be a advantage in the more income  in the form of 
hydrogen which is more valuable than electricity could be achieved and therefore 
should be considered a potential priority for the future work (Heidrich et al., 2013, 
Thompson et al., 2013).  
 
v) As well as the research aspects of engineering a deployable technology, microbial 
population analysis can add value to H2 producing technology. If the microbial 
species are identified, then it may be possible to have well characterised optimum 
operating conditions that can be implemented to improve hydrogen production rate 
for hydrogen fermentation and microbial electrolysis. As molecular biology 
techniques develop the information on species abundance, metagenomic analysis 
with 464 pyrosequencing  and on proteomics indicating changes in metabolism 
with operating conditions could prove particularly useful in optimisation studies 
(Premier et al., 2011, Rabaey et al., 2005a, Rabaey et al., 2004, Rabaey and 
Verstraete, 2005). According to our knowledge microbial population analysis has 
not been previously implemented to analyse how immobilized mediators, or 
substrates, in different concentrations, affect the diversity within microbial 
communities, on the anode surfaces, in BES. The exact amounts of a particular 
mediator, needed to facilitate electron transport from the bacteria to the electrode 
surface, have to be adsorbed on the anode surface. High concentrations of certain 
mediators may be toxic to the bacteria and low concentrations may not facilitate 
the electron transport efficiently enough. Different bacterial communities require 
different amounts of mediator, in order to facilitate the electron transport. Synthetic  
communities could be created for high hydrogen production rate at particular 
conditions and, most importantly, mixed microbial communities could be 
developed, where non exoelectrogenic bacteria produce high quantities of 
mediators, such as  phenazine (Venkataraman et al., 2010), which could then be 
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9. Appendices Electricity and Hydrogen Producing Microorganisms 
9.1 Appendix A-1 
Taxon (left column) is a term that describes either phylum or class of bacteria. In tables A-1 
on and A-2 fermicutes, actinobacteria and proteobacteria are different phylums. Chlorophyta 
is a division (term division in botany is same as phylum in microbiology) for of green algae, 
informally called Chlorophytes, which belongs to different domain eukaryotes, kingdom 
plantae. Phylum proteobacteria are split is split into 4 classes α, β, γ and δ. Substrates 
reported in literature degraded by particular taxon of bacteria are placed in the right column.   
 
Word taxon describes the rank-based classification, of bacteria or plants. The higherarchy of 
biological classification established by Carl von Linné (Blunt and Brunius, 2002) has nine 
major ranks from highest to lowest: life, domain, kingdom, phylum class, order, family, genus 
and species. In classification of life, there are three domains (eukaryotes, bacteria and 
archaea) which, in terms of taxonomy, have several different conventions between them and 
between their subdivisions as are studied by different disciplines (botany, zoology, mycology 
and microbiology), for example in microbiology there are type strains and in zoology there are 
type specimens. In the scientific classification  each species (lowest rank) has to be assigned 























Table A-1.1 –  Electricity producing microorganisms and substrates used in microbial 
fuel cells (MFCs). 
 









self produced mediators detected 










mediatorless MFC, ammonia treated 
carbon cloth anode  









mediatorless MFC  






mediatorless MFC  






dissolved NR and MV mediated MFC 










dissolved NR mediated MFC  











c type cytochrome 








mediatorless MFC  










dissolved MB mediated MFC  





Table A-1.1 – Electricity producing microorganisms and substrates used in MFCs 
(continued). 
 












dissolved MB mediated MFC 






dissolved MB and NR mediated MFC 












substrate contining (FeOOH) to 
enhance cytochrome activity 
(Kim et al., 1999b) mediatorless MFC 
















mediatorless MFC  









immobilized NR, Fe3+ and Mn4+  
mediated MFC  










mediator- less MFC  









mediator- less MFC  
(Bond and Lovley, 2003) 
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Table A-1.1 –  Electricity producing microorganisms and substrates used in MFCs 
(continued). 

























mediatorless MFC  





mediatorless MFC  




glucose ACNQ mediated MFC  






dissolved AQDS, safranine O, 
resazurin, methylene blue, and 
humic acid mediated MFC  




starch mediatorless MFC  












self produced mediators detected 










produced ACNQ for ACNQ 
mediated MFC  










mediatorless MFC  
(Wu et al., 2013b) 
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Table A-1.1 –  Electricity producing microorganisms and substrates used in MFCs 
(continued). 
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palm oil waste 
 
mediatorless MFC coupled with USAB   

































mediatorless MFC (Catal et al., 2008) 
 




mediatorless MFC  





Table A-1.2 –  Hydrogen producing microorganisms and substrates used in microbial 
electrolysis cells (MECs). 
 










mediatorless MEC  









two chamber mediatorless 
MEC (Geelhoed et al., 2010, 













single chamber mediator- 
less MEC  






mediator- less MEC 









mediator- less MFC and 
MEC  
(Chae et al., 2009, Kiely et al., 
2011) 
 mixed culture acetate 
mediator- scaled up one 
chamber  MEC 















mediatorless H type  MEC  






mediatorless MEC  
(Nissila et al., 2011,  
















(Wagner et al., 2009) 
Unknown anaerobic sludge acetate 
single chamber mediatorless 
MEC (Guo et al., 2010) 
 marine sediments acetate 
two chamber mediatorless MEC 






mediatorless MEC  
(Rozendal et al., 2008b, Sleutels et al., 























9.2 Appendix A-2 Perfomance Factors for MFCs and MECs 
 
The references, for microbial fuel cells (MFCs) are arranged in four tables. Comparison of 
different anode materials and different anode treatments to bacteria taxon, inoculation 
sources (if mixed cultures are used it has not been established what bacteria these mixed 
cultures contain) performance factors (Table A-2.1 and A-2.2) and comparison of different 
cathode materials and different cathode treatments to (Pmax) values (Table A-2.3 and A-2.4).  
 
The Performance Factors Shown in Tables are:-  
 
Power density (Pmax), for MFCs only, the amount of power (time rate of energy transfer) per 
unit volume, to show that  and continuous voltage output over the batch cycles to show that 
MFCs are capable of continuous voltage output, over fixed resistance, until the substrate is 
exhausted, compared to anode, cathode and / or volumes of anode chambers.  
 
Coulombic efficiencies (described in “Electrochemical Analysis Methods” section 4.7 in 
greater detail), to show how much substrate consumed by bacteria is converted into current, 
for both MFCs and MECs.  
 
Table A-2.1 – Comparison of different anode materials and anode configurations, in 
microbial fuel cells (MFCs). 
 










configuration Pmax References 
Carbon carbon cloth plane 
 
3 mm in 
diameter, 






1010 Wm-3 compared to 
the anode chamber size 



















(Logan et al., 2007b) 




an active MFC 

















D. desulfuricans  


























(anode area) (Dewan et al., 2008) 










(anode chamber volume) 






















plane volume 0.6cm3 
Shewanella 
oneidensis   
(DSP 10) 









































97 cm2,  















(anode area) (He et al., 2005) 
carbon graphene foam  plane 
volume      
60.7 cm3 
Shewanella 
oneidensis   
(MR – 1) 
_ 
 
661 Wm-3  




(Wang et al., 2013) 
carbon granular graphite packed 
 
granules O.D. 







an active MFC 
2 chamber MFC 
90 Wm-3  
(anode chamber 
volume) 















5 Wm-3  
(anode chamber 
volume) 
(Jiang and Li, 2009) 
carbon carbon brush brush 
4 cm high,  
3 cm wide 
preacclimated 
bacteria from 
an active MFC 




73 Wm-3  
(anode 
chamber) 
(Logan et al., 
2007a) 











(anode area) (Bond et al., 2002) 














metal stainless steel plate plane 0.12 m










Table A-2.2 – Comparison of different anode treatments and anode configurations, in 
microbial fuel cells (MFCs). 
 

























bacteria from  
an active MFC 
 




















20% increase in 
power density, 
50% reduction 
in start up time 
 












25% increase in 
power density 
 














8% increase in 
power density 
 




treatment graphite felt 9cm
2 brewery wastewater tubular MFC 
 
50% increase in 
power density 
 





















































































2 chamber,  
H - type 
 

































Table A-2.2 – Comparison of different anode treatments and anode configurations, in 
MFCs (continued). 
























(Lowy et al., 2006) 
surface 
coating NR graphite felt 1.27m











































(Fan et al., 2011) 
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Mn2+ and Ni2+ 
 






(Lowy et al., 2006) 
surface  
coating iron oxide carbon veil 
volume  
310 cm 3 
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For microbial fuel cells (MFCs), cathodes can be modified in two possible ways. Carbon veils 
or cloths used as cathodes can be replaced with precious metal meshes or foams (Table 2.3) 
or various metal particles, organic substances or bacteria could be immobilized on the 
electrode surface (Table 2.4) 
 
Table A-2.3 – Comparison of different cathode materials and cathode configurations, in 
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Table A-2.4 – Comparison of different cathode treatments and cathode configurations, 
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For microbial electrolysis cells (MECs) tables were arranged in the same way as that for 
MFCs. Table 2.5 is the comparison of different anode configurations and anode treatments, in 
MECs, Tables - 2.6 and 2.7 are the comparisons of different cathode configurations and 
cathode treatments for two and one chamber MECs respectively. 
 
For Table A-2.5 performance factors such as coulombic efficiency (CE) which is related to the 
amount of anaerobically respiring electricity producing bacteria on the bio-anode surface, 
where anode acts as artificial electron acceptor; hydrogen production rate and hydrogen 
yield, in mols of hydrogen obtained per mol of substrate destroyed are performance factors 
used for MEC comparison, described in “Electrochemical Analysis Methods” section 4.7 in 
greater detail. (ηW+S %) is cathodic energy recovery, which is sometimes used in literature 
instead of cathodic hydrogen production (described in “Online Analysis Methods” section 4.7.  
 
Cathodic energy recovery is calculated as ηW+S = WH2 / (Ws +Win) Eq 75                               
Where WH2 is heat of combustion for hydrogen 286 KJ mol-1, Ws is heat of combustion for 
substrate eg:- acetate 870 KJ mol-1, Win is the electric input, where Win =charge (Coulombs) × 
voltage applied, corrected to power loss across resistor (Cheng and Logan, 2007a).  
 
Table A-2.5 –  Comparison of different anode configurations and anode treatments, in 
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Table A-2.6 – Comparison of different cathode configurations and cathode treatments 
for two chamber microbial electrolysis cells (MECs). 
 
MECs with graphite felt anodes: 
cathode / 
Pt (mg cm-2) Membrane Substrate 
Anode 
Volume (cm3) Eap (V) CE (%) 
Volumetric 
yield 
(m3 m-3(anode) d-1) 
IA (Am-2) References 
 




















CEM acetate 250 1.2 _ 0.63 1.2 (Rozendal et al., 2008b)  






















AEM cellulose 42 0.6 96 1.1 _ Cheng and Logan, 2007a)  
MECs with carbon paper anodes: 
 























PEM acetate 900 0.35 33 0.015 0.4  
(Sun et al., 2008) 
 





















(Tartakovsky et al., 2009) 
 
carbon cloth    
/ 0.5 Pt with  





acetate 50 1.16 67 0.98 _ (Tartakovsky et al., 2008). 
MEC with carbon cloth anode: 
 







































Table A-2.7 – Comparison of different cathode configurations and cathode treatments for 
the single chamber microbial electrolysis cells (MECs). 
 
MECs with graphite brush anodes: 
Cathode / 
Pt (mg cm-2) Substrate 
Anode  
volume (cm3) Eap (V) CE 
Volumetric 
yield  
(m3 m-3(anode) d-1) 




































































 28 0.9 
_ 





90 1.0 _  0.25 
_ 
 
(Escapa et al., 2012) 
 
carbon cloth / 
0.5 
acetate 
 28 0.8 98 3.12 11.6 (Call and Logan, 2008) 
MECs with graphite brush anodes: 
 

















(Wagner et al., 2009) 
 




 28 0.9 104 2 8.8 (Selembo et al., 2009b) 
 




 28 0.5 73 1.11  (Lalaurette et al., 2009) 
 






26 0.6 87 1.41 5.6 (Lu et al., 2009) 

















(Lee et al., 2009) 
MECs with carbon cloth anodes: 
 





















































Table A-3.1 – Variation of COD reduction, electrode potentials and average daily dosage of acid with substrate concentration for 
microbial electrolysis cells (MECs) acclimated to acetate and butyrate.
Substrate Conc. (mmol L-1) COD reduction (%) 
Anode potential vs 
Ag/AgCl (V) 
Cathode potential vs 
Ag/AgCl (V) 
Av.HCl, 
1.2  mmol L-1 
dosed per 
day (cm3) 
pH Conductivity (mS cm-1) 
acetate 
(AC) or  BU AC BU AC BU AC BU AC BU AC BU AC 
butyrate 
(BU) 20 59±2 48±10 -299±106 -177±20 -1004±56 -960±18 15 10 6.3±0.3 6.6±0.3 6.4±0.6 7.3±0.1 
 10 70±7 42±4 -199±39 -153±18 -1170±25 -980±25 10 7 6.7 6.6±0.2 6.5±1.5 6.2±0.2 








20 38±10 2.3±7 -180±80 -446±10 -1061±110 -826±75 10      1.7 6.78±0.1 6.9±0.4 8.63±1.3 8.75±0.6 
A STP. Theoretical H2 yields: 10 mol/per mol butyrate; 4 mol/mol acetate; 12  mol/mol glucose. Acetate reactor =AC and butyrate reactor = BU 
All tests were performed in triplicates at the applied potential of 850 mV 
Tolerance bars represent variations from  the average for daily hydrogen production for n days (n=5) per substrate concentration  
231 
 
Table A-3.2 – Variation of COD reduction, electrode potentials and average daily dosage of acid with substrate concentration for          
microbial electrolysis  cells (MECs) with modified anodes. 
 
Substrate Conc.  
(mmol L-1) 
COD reduction (%) Anode potential vs 
Ag/AgCl (V) 
Cathode potential vs 
Ag/AgCl (V) 
av.HCl, 1.2 mmol L-1  
dosed per day (cm3) 
         pH 
 
 Conductivity (mS cm-1) 
acetate  RR JC RR JC RR JC RR JC RR JC RR JC 
 20 30±2 63±5 -246±20 -277±30 -1064±20 -590±45 25 20 6.7±0.2 6.8±0.1 12.7±0.1 11.9±0.1 
 10 64±3 55±5 -290±18 -233±37 -1057±25 -533±60 15 10 6.8±0.1 6.8±0.2 7.6±0.2 7.5±0.1 
 5 69±2 74±5 -136±20 -315±45 -1022±30 -523±55 10 5 6.6±0.2 6.6±0.3 3.6±0.3 3.5±0.3 
acetate and 
butyrate  
10 and 10 43±3 6±1 -256±30 -257±50 -1056±20 -573±70 10 5 6.4±0.3 6.4±0.4 5.2±0.3 5.5±0.3 
butyrate 20 3±1 4±1 -554±20 -158±10 -759±44 -578±75 5 5 6.7±0.2 6.7±0.4 4.45±0.3 4.6±0.3 
acetate  MB UCC MB UCC MB UCC MB UCC    MB     UCC       MB                   UCC
 20 36±1 58±2 -421±20 -177±20 -1010±20 -960±18 10 10 6.6±0.3 6.6±0.3 8.1±0.1 7.3±0.1 
 10 39±3 64±2 -531±30 -153±18 -971±10 -980±25 7 7 6.5±0.2 6.6±0.2 6.2±0.1 6.2±0.2 
 5 58±2 53±3 -472±20 -130±10 -861±20 -1060±10 5 5 6.7±0.1 6.6±0.2 6.2±0.2 6.2±0.1 
acetate and 
butyrate  
10 and 10 5±1 2±1 -448±10 -101±10 -917±18 -975±12 10 10 6.7±0.2 6.7±0.1 5.9±0.3 6.1±0.3 
    butyrate 20 2±1 2±1 -537±17 -446±10 662±42 -826±75 1.7 1.7 6.9±0.2 6.9±0.4 6.8±0.3 6.4±0.6 
A STP. Theoretical H2 yields: 10 mol/per mol butyrate; 4 mol/mol acetate; 12  mol/mol glucose. All tests were performed at the applied voltage of 850 mV.  
Error bars represent variations from the average for n experimental repeats (n=2) 
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Print screen copy of VI diagram for data – anode potential, pH and temperature  – 
acquisition in Labview used for experiment 1 (see Results, pages 105-112). 
 



















Print screen copy of VI diagram (47) and instrument panel (47i) for data – voltage  –  acquisition in 
Labview used for experimental parts 3 and 4  when reactors were operated in MFC mode. 
 
 







Print  screens copies of VI diagrams for data – anode and cathode potentials, pH and 
temperature – acquisition in Labview used for experiments 3 and 4, see “Results” part 3 and 
part 4.  
 















Print screen copy of VI instrument panel  for data – potentials, pH and temperature – acquisition 
in Labview used for all experiments, main window, same for both set diagram. 
 






























































Influence of catholyte pH and temperature on hydrogen
production from acetate using a two chamber concentric
tubular microbial electrolysis cell
Godfrey Kyazze*, Arseniy Popov, Richard Dinsdale, Sandra Esteves, Freda Hawkes,
Giuliano Premier, Alan Guwy
The Sustainable Environment Research Centre, University of Glamorgan, Pontypridd, CF37 1DL, United Kingdom
a r t i c l e i n f o
Article history:
Received 28 December 2009
Received in revised form
5 May 2010
Accepted 8 May 2010








a b s t r a c t
Microbial electrolysis cells (MECs) could be integrated with dark fermentative hydrogen
production to increase the overall system yield of hydrogen. The influence of catholyte pH
on hydrogen production from MECs and associated parameters such as electrode poten-
tials (vs Ag/AgCl), COD reduction, current density and quantity of acid needed to control pH
in the cathode of an MEC were investigated. Acetate (10 mM, HRT 9 h, 24 !C, pH 7) was used
as the substrate in a two chamber MEC operated at 600 mV and 850 mV applied voltage.
The effect of catholyte pH on current density was more significant at an applied voltage of
600 mV than at 850 mV. The highest hydrogen production rate was obtained at 850 mV, pH
5 amounting to 200 cm3stp/lanode/day (coulombic efficiency 60%, cathodic hydrogen
recovery 45%, H2 yield 1.1 mol/mol acetate converted and a COD reduction of 30.5%).
Within the range (18.5e49.4 !C) of temperatures tested, 30 !C was found to be optimal for
hydrogen production in the system tested, with the performance of the reactor being
reduced at higher temperatures. These results show that an optimum temperature
(approximately 30 !C) exists for MEC and that lower pH in the cathode chamber improves
hydrogen production and may be needed if potentials applied to MECs are to be minimised.
ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
1. Introduction
Research on the use of electrochemically active bacteria for
power generation in microbial fuel cells (MFCs) has gained
wide interest in the past five years [1,2]. Microbial elec-
trolysis cells (MECs) are a variation on the principles of
microbial fuel cells such that, with an electrical energy
input, substrates are oxidised at the anode (as in MFCs) but
the cathodic reaction involves reduction of protons to
hydrogen as the cathode chamber is kept anaerobic [3,4].
Microbial electrolysis can thus be seen as a biological
analogue of chemical electrolysis.
Hydrogen is widely reported to be a significant future
energy vector (or carrier) and also as the ultimate non
polluting fuel if produced sustainably [5]. This proposition,
often called the ‘hydrogen economy’, is driven by the need to
reduce the impact of climate change (arising out of increased
greenhouse gas levels in the atmosphere), need to secure
energy supplies, reduce atmospheric pollution and meet the
increasing energy demands of an increasing population [6,7].
* Corresponding author. Department of Molecular and Applied Biosciences, University of Westminster, 115 New Cavendish Street,
London W1W 6UW, United Kingdom. Tel.: þ44 1443 483590; fax: þ44 1443 483382
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One of the challenges that must be overcome before the
hydrogen economy becomes a reality is that of producing
hydrogen efficiently and affordably using clean technologies.
Hydrogen production via microbial electrolysis is advanta-
geous as a variety of substrates can be used; the hydrogen
yield is potentially high (1 g COD can liberate 1400 ml at 0 !C
and 1 atm); the system can be operated effectively at room
temperature and atmospheric pressure and substrates inhib-
itory or recalcitrant to anaerobic digestion e.g. those with high
ammonium can be utilized [8]. Recovery of hydrogen from the
cathode should be easier to achieve as the hydrogen simply
bubbles out of solution. There should be greater simplicity in
cell design and subsequently reduced cost. The simpler design
results from the liquid phase operation in MEC cathodes as
opposed to the likely gas and liquid (thin film) phase operation
of MFC cathodes, with their incumbent oxygen mass transfer
limitations. Microbial electrolysis can be used as a second
stage process of a fermentative hydrogen reactor to recover
more hydrogen fromwhat otherwisewould bewaste products
(volatile fatty acids e.g. acetate and alcohols among others), or
used in alternative configurations as presented in Hawkes
et al. [9].
Theoretically a hydrogen yield of 12 mol/mol hexose is
possible using microbial electrolysis compared to 4 mol/mol
hexose using dark fermentation. For thermodynamic reasons
a small amount of electrical energy (ca. 120 mV) has to be
supplied to drive the reactions that take place in an MEC [10].
To optimise the performance of microbial electrolysis cells
the effect of a number of factors needs to be understood,
amongst which are catholyte pH and temperature. Previous
studies on hydrogen production using microbial electrolysis
have mainly been operated as batch processes [11,12] and it
has been indicated (at pH 7) that despite the use of Pt as
catalyst, the overpotential at the cathode limits the hydrogen
evolution reaction [4]. Practical application of microbial elec-
trolysis cells will require continuous operation because of the
productivity gains that can be achieved by operation that is
not intermittent. In batch culture many parameters are
interdependent, e.g. culture growth rate and the physical and
chemical environment. It is therefore difficult to extrapolate
results obtained from batch studies to steady state continuous
operation.
The catholyte pH may be expected to affect the redox
potential of the hydrogen evolution reaction. In addition, pH
may also be expected to affect any methanogens inadver-
tently introduced in the cathode. Temperature may also be
expected to (a) affect the growth rate of the electrochemically
active bacteria (and hence substrate utilisation rate); (b) affect
the mass transport of reactants and products to and from the
electrodes, (c) influence reaction kinetics and (d) have an
effect on the electrode potentials according to the Nernst
equation:
E0 ¼ E0΄- (RTlnKeq)/(nF), modified at 25 !C for proton reduc-
tion as
E0 ¼ E00 $ 0:0296logPH2 $ 0:059pH (1)
To the knowledge of the authors, no information on the
effects of catholyte pH and temperature on hydrogen
production via microbial electrolysis have been reported.
Therefore, in this work we have studied and reported the
effects of catholyte pH and temperature on hydrogen
production from acetate using microbial electrolysis.
2. Materials and methods
2.1. Microbial electrolysis cell setup
A schematic of the MEC set up is shown in Fig. 1. The MEC
consisted of two concentric tubular clear acrylic cells with i.d.
40 mm and 74 mm. The smaller, inner tube (326 ml volume)
was radially perforated (39 holes each 8 mm in diameter) on
one side of the tube (subtending 150! of the 360! circumfer-
ence) and inserted in the larger diameter tube (1290 ml inner
volume). The inner tube was assembled with an anode elec-
trode (plain carbon cloth, PRF composite materials, Dorset,
UK) rolled several times around a plastic rod of diameter
10mmand length 200mmand a reference electrode (Ag/AgCl)
located 7 mm from the anode. A cation exchange membrane
(CMI 7000, Membranes International, NJ, USA) area 240 cm2
was attached to the outer surface of the inner tube so as to
cover the perforations, thus separating the internal volumes
of the two tubes. The cathode electrode (carbon cloth, area
75 cm2 coated with 0.5 mg/cm2 Pt, BASF fuel cell, NJ, USA) was
placed round the cation exchange membrane forming
amembrane electrode assembly (see also [13]). The inner tube
was equipped with ports for supplying substrate, removing
effluent and connecting the anode and a reference electrode.
The outer tube was fitted with ports for connecting the
cathode, recirculation of catholyte, releasing gas produced in
the cathode chamber and for access to the feed and outlet
ports of the inner tube. The headspace of the cathode
chamber was maintained at 100 cm3 using an overflow
U-tube. Data for anode potential, cathode potential, pH,
potential difference across an external resistive load (Section
2.2.2) and temperature were logged online using LabVIEW!
virtual instrumentation software (National Instruments, UK).
The pH in the cathode chamber was controlled by automati-
cally dosing with 1.2M HCl (Mettler Toledo pH transmitter,
Leicester, UK) except during days 30e60 when a gas cathode














Fig. 1 e Schematic of the MEC used in this study.
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catholyte pH, the pH in the cathode was normally controlled
to 7.0. The MEC was operated at room temperature except
during experimentation on the effect of temperature.
2.2. Operating conditions
2.2.1. Batch start up
The anodewas inoculatedwith anaerobically digested sewage
sludge (10% v/v) obtained from a wastewater treatment plant
(Cog Moors, Cardiff, UK). The anode medium consisted of
2.4 g/L CH3COONa, 310 mg/L NH4Cl, 130 mg/L KCl, 2.690 g/L
NaH2PO4.H2O, 4.330 g/L Na2HPO4, 26.6g/L NaCl, 12.5 cm
3/L of
a mineral salt medium and 12.5 cm3/L of a vitamin medium.
The high salt (sodium chloride) concentration in the anode
medium was used to mimic salt water from where Geobacter
sp., identified as integral members of bacteria consortia in
MFCs andMECs [14], have been shown to be abundant [15] and
also to inhibit methanogens [16]. The recipe of the mineral
salts was (mg/L): MgSO4 (3.0), MnSO4.H2O (0.5), NTA (1.5), NaCl
(1.0), FeSO4.7H2O (0.1), CaCl2.2H2O (0.1), CoCl2.6H2O (0.1), ZnCl2
(0.13), CuSO4.5H2O (0.01), AlK(SO4)2.12H2O (0.01), H3BO3 (0.01),
Na2MoO4 (0.025), NiCl2.6H2O (0.024), Na2WO4.2H2O (0.025) [17].
The vitamin solution used was formulated according to the
recipe (mg/L): biotin (2.0), folic acid (2.0), pyridoxine HCl (10.0),
riboflavin (5.0), thiamin (5.0), nicotinic acid (5.0), panthotenic
acid (5.0), B12 (0.1), p-aminobenzoic acid (5.0), thioctic acid
(5.0) [17]. The catholyte was 50 mM phosphate buffer solution
(PBS) with a pH of 7.0 and conductivity of 5.97mS/cm. Both the
anode and cathode chambers were sparged with nitrogen for
10 min to remove air. An anode potential of þ300 mV (Vs Ag/
AgCl) was applied. This startup procedure lasted 30 days.
A control startup was set up without the use of bacterial
inocula.
2.2.2. Continuous operation
After batch startup, the sediments in the anodewere removed
and replaced with 10 mM acetate (600 mg/L). The anode
chamber was then fed continuously with 10 mM acetate
(600mg/L) in an aqueous solutionwhich also included 310mg/
L NH4Cl, 130 mg/L KCl, 2690 mg/L NaH2PO4.H2O, 4330 mg/L
Na2HPO4, 12.5 cm
3/L of the mineral salts medium and
12.5 cm3/L of the vitamin medium referred to in 2.2.1. This
anodemedia had a pH of 7.4 and a conductivity of 7.24mS/cm.
In days 30e60, 600 mV was applied to the cell and a gas
cathode was used with nitrogen sparging (10 ml/min). This
was followed in days 60e78 with addition of 50 mM PBS (pH
7.0) to the cathode and collection of gas produced in the
cathode using a gas bag with FEP on/off valve (Fisher Scien-
tific, Loughborough UK).
The reactor was used in experiments 1, 2 and 3 as follows:
In Experiment 1, which lasted from day 78 to day 110, two
applied voltages of 600 mV and 850 mV between anode and
cathode were used (Solartron 1470E potentiostat, Solartron
Analytical, Farnborough, UK) and in each case the pH in the
cathode was controlled for at least 3 days at 5, 7 and 9. The gas
produced in the cathode was collected by displacement of
water saturated with sodium chloride. The anodic gas was
collected in a gas bag.
Experiment 2 was designed to confirm the results of
Experiment 1. A power supply unit (model 3644A, Array
Electronika Co. Ltd.) was used as the Solartron potentiostat
used in experiment 1 had developed a fault, and two applied
voltages were used: 670 mV and 920 mV. The MEC used in
Experiment 1 was connected to a 3-U resistor so that the
potential difference (and hence current through the circuit)
could be logged online. Higher applied voltages compared to
Experiment 1 were used to allow for the potential drop across
the external resistor. Again the pH of the cathode was
controlled to 5, 7 and 9. There was a time interval of 20 days
between end of Experiment 1 and start of Experiment 2 during
which the MEC was not fed. Experiment 2 lasted for 69 days.
In Experiment 3, 920 mV was applied to the MEC used in
Experiments 1 and 2 using the DC programmable power
supply unit with the catholyte pH controlled to 7.0, and the
temperature of the cell varied in the range 20 !Ce53 !C. The
MEC had been operating for 4 months at 23 % 1.4 !C on 10 mM
acetate (600mg/L). Therewas a delay of 6 days from the end of
Experiment 2 to the start of Experiment 3 during which the
MEC was not fed. Fresh PBS (50 mM, pH 7) was used in the
cathode. Temperatures of 30.4 % 1.04 !C (days 0e12),
42.9 % 0.4 !C (days 12e22), 49.3 % 3.9 !C (days 22.7e25.8) were
set. For purposes of temperature control, silicone tubes were
wound round the MEC and connected to a Grant flow heater
(Grant Instruments, Cambridge, UK). On day 25.84, tempera-
ture control was switched off and the reactor operated at
room temperature. After day 46.4, cold water from a refriger-
ator was re-circulated around the reactor to achieve temper-
atures below room temperature, up to 18.5 !C on day 49.4
when the experiment was stopped. Gas output from the
cathode was metered using a bubble counter (NCBE, Reading,
UK) while gas produced in the anode was collected in a gas
bag. The counter was calibrated using nitrogen gas from
a cylinder with the flow rate regulated using a needle valve in
the range 0e2 ml/min.
2.3. Offline analyses
The soluble COD of the influent and effluent was determined
using a Hach spectrophotometer (model 2500, Hach Lange,
Manchester, UK). The conductivity of the solutions was
measured using a conductivity meter (Mettler Toledo,
Leicester, UK). Hydrogen and methane composition in the off
gases was measured using a CP-4900 MicroGC (Varian Ltd,
Oxford, UK). pH was measured using a bench top pH meter
from Mettler Toledo. Effluent samples were analysed for
volatile fatty acids by headspace GC according to the method
of Cruwys et al. [18].
2.4. Evaluation of performance
Hydrogen andmethane production rates were evaluated daily
by combining the gas volumes recorded with their composi-
tions at standard temperature and pressure (stp). Current
density was normalised to the area of the cathode. The
cathodic hydrogen recovery was calculated based on the
volumeofhydrogen recovered vis a viswhatwouldbeexpected
by invoking Faraday’s second law of electrolysis. The
coulombic efficiency was calculated based on the COD reduc-
tion and the current recorded for a given time. For example
taking a basis of 1 h, the amount of COD degraded could be
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determined and the current that would have been expected
from this COD degradation determined from the relationship:
16 g COD h 1 mol H2^2F (F ¼ faraday). Hydrogen yield was
obtained from the relationship: 1 g CODh 1400ml of hydrogen
at stp, neglecting biomass formation. The theory behind these
calculations was reviewed in detail by Logan et al. [19].
3. Results and discussion
3.1. Batch startup and initial operation with a sparged
cathode vs liquid cathode
During batch startup, a small current of 400e600 mA was
registered but it was higher than in the control where the
current was less than 100 mA. In Experiment 1, continuous
sparging of the cathode with nitrogen gave a current of
1.6 mA, far below the current which would be expected from
100% degradation of the substrate (78 mA). Using a liquid
cathode improved the current by six times compared to the
gas cathode; however as the experiment progressed, methane
was found to accumulate in the gas bag at the expense of
hydrogen (Fig. 2); the 14% hydrogen measured in the gas bag
on day 73, had fallen to 5% by day 77 with an increase in
methane from less than 1% on day 73e5% on day 77.
Methane production probably proceeds via the reaction:
2H2 þ CO2 / CH4 þ 2H2O [20] which is accompanied by
a reduction of volume. This would explain the negative pres-
sure that was observed when an MGC-1 counter (Litremeter,
North Marston, UK) was used to meter the produced gas at
600 mV applied voltage in a separate experiment. This
‘sucking back’ phenomenon has also been observed by Tar-
takovsky et al. [21]. The source of the methanogens can be via
contamination from outside or from the anode side e.g. due to
a defective partitioning (by themembrane) between the anode
and cathode.
3.2. Influence of catholyte pH
In Experiment 1 the influence of catholyte pH on hydrogen
production and associated parameters like COD reduction,
current density, electrode potentials and amount of acid
needed to maintain the set pH were studied. Fig. 3 shows the
variation of hydrogen production rate and current density
with pH of the catholyte at the two applied voltages of 600 mV
and 850 mV and Table 1 shows the variation of the remaining
parameters with catholyte pH.
Catholyte pH influenced hydrogen production as did the
voltage applied. The effect of catholyte pH was more signifi-
cant at an applied voltage of 600mV than at 850mV. At 600mV
applied voltage, current density increased from 0.69 % 0.01A/
m2 of cathode at pH 9 to 1.45 % 0.16 A/m2 cathode at pH 5. At
850 mV, the current densities were: 1.70 % 0.16 (pH 9),
1.68 % 0.08 (pH 7) and 1.93 % 0.33 A/m2 (pH 5), respectively
(Fig. 3).
At 600 mV hydrogen production rates at catholyte pH 5
(32.3 % 3.7 ml/day) and pH 9 (12.5 % 5.4 ml/day) were higher
than at pH 7 (1.68 % 1.2 ml/day, Fig. 3). At an applied voltage of
850 mV higher average hydrogen production rates were also
obtained at pH 5 (65% 1ml/day (n¼ 2) or 200ml/lanode/day) and
pH 9 (59.8 % 13.9 ml/day (n ¼ 3)) than at pH 7 (49 % 5 ml/day
(n¼ 2)). The difference in hydrogen production rates at pHs 5, 7
and 9 was however not statistically significant at the P < 0.05
level. The equivalent coulombic efficiency at 850 mV, cath-
olyte pH 5 was 60%, cathodic hydrogen recovery 45%, H2 yield
1.1 mol/mol acetate converted and COD reduction of 30.5%
(Tables 1 and 2). The low cathodic hydrogen recovery and low
hydrogen yield may suggest that some of the hydrogen
diffused from the cathode to the anode where it would have
been converted to methane.
Methane was detected in the anode chamber in all cases
but no methane was detected in the cathode chamber. At
850 mV, catholyte pH 7, methane productivity amounted to
0.8 ml/h. Based on the feeding regime, this is equivalent to
a conversion of 10% of the substrate to methane (neglecting
biomass formation).
A COD balance for the case of catholyte pH 7 gave the
following:
Input: 640mg/L at 9 h HRT, equivalent to 593.5mg COD/day
based on the size of the anode chamber. Output: methane
production rate of 19.2 ml/day equivalent to 59.4 mg COD; H2
production rate of 49 ml/day equivalent to 17.5 mg COD. Thus
13% of the input COD was recovered as methane and
hydrogen [note that the COD reduction in this case was 31%].
The effluent from the anode had a pH of 6.4e6.5 with
a conductivity of 6.5 mS/cm. The highest coulombic efficiency
was obtained at pH 5 in the cathode (Table 2). Cathodic























% nitrogen % hydrogen % methane
Fig. 2 e Occurrence of methanogenesis in the cathode of an
MEC at the expense of hydrogen production. Applied
voltage was 600 mV.
Fig. 3 e Variation of hydrogen production rate and current
density with pH of the catholyte.
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worst hydrogen yield performance obtained at 600 mV, pH 7
(Table 2). In Experiment 2, the trend of hydrogen productivity
and current density were similar to those of Experiment 1.
Acetate is one of the main byproducts of fermentative
hydrogen reactors and anaerobic digesters. The utilization of
acetate for hydrogen production in MECs would be beneficial.
The cathodic overpotential for proton reduction has been
highlighted as one of the main electrochemical losses in
microbial electrolysis cells [4], despite the presence of plat-
inum as a catalyst. However, this has been disputed by some
workers [22] indicating that the hydrogen evolution reaction is
very reversible.
Electrode potentials are pH dependent and the cathodic
potential for hydrogen evolution would be expected to
increase (numerically) by þ60 mV for every pH unit decrease
according to equation (1). Thus, operation at low pH in the
cathode would be expected to improve hydrogen production
rates and reduce the overall electrical energy added to the
system. In the tests performed in this study, at 600 mV
applied voltage, the current density and hydrogen production
rates increased with a decrease in pH. The cathodic over-
voltage was in the order: 152 mV (pH 5) > 132 mV (pH 7) >
116 mV (pH 9). Rozendal et al. [4] reported a higher cathodic
overvoltage of 280 mV when 500 mV was applied. The low
overvoltage at catholyte pH 9 might explain the low COD
conversion of 12% as the physiological conditions of the
anode chamber were similar and the anode potentials were
more positive than the redox potential for acetate oxidation
(i.e. $480 mV vs Ag/AgCl at pH 7 in the anode). At an applied
potential of 850 mV, the cathodic overvoltage was in the
order of 400 mV (pH 7) > 316 mV (pH 5) > 250 mV (pH 9). The
high cathodic overvoltages at these pHs may explain the
higher hydrogen production rates compared to 600 mV
applied voltage (Fig. 3). The difference in the trend of cathodic
overvoltage at 600 mV and 850 mV may be due to differences
in dissolved hydrogen concentration (or partial pressure) e
see Eq. (1).
As the H2 production rate and current density increased
with the reduction in catholyte pH at an applied voltage of
600 mV, it suggests that either the concentration of protons in
the cathode or the cathodic overvoltage or both was/were
limiting the hydrogen evolution reaction at the cathode.
Although in Experiment 1, for an applied voltage of 850 mV,
the highest H2 production rate was obtained at pH 5, the
differences in hydrogen production rate and current density
compared to pH 7 and pH 9 (Fig. 3) was not significant at the
p < 0.05 level. This suggests that the cathodic reaction for
hydrogen evolution was probably not rate limiting. It may be
that the transfer of protons across the ion exchange
membrane was the limiting factor in this case.
The trend curve of the volume of acid dosed to maintain
the pH of the catholyte is similar in shape to that of hydrogen
production rates (data in Table 1). However, this volume of
acid only reflects the extent of generation of OH$ ions in the
cathode and is probably not used for hydrogen generation
considering that the dosing of the acidwas in the recirculation
line; the acid would have been neutralized before reaching the
main chamber In Experiment 1, 600 mV applied and catholyte
pH 7, if the acid dosed (6.48 & 10$3 mol Hþ/day) had been used
for hydrogen production, the hydrogen production rate would
have been 72.5 ml/day but the recorded rate was only 1.7 ml/
day. Hydrogen production rate was lower at pH 7 compared to
pH 5 or 9. It is likely that at pH 7 the proton gradient is lower
than at pH 9. At pH 5, despite an unfavourable proton gradient
(in terms of diffusion), the concentration of protons in the
cathode suggests thatmass transport is not expected to be the
limiting factor.
A comparison of hydrogen yields from continuous flow
MECs is shown in Table 3 and indicates that there is a need to
further improve the efficiency of MECs. Apart from the
problem of methanogenesis in the anode and a low cathodic
hydrogen recovery, the COD reduction inMECs (Table 1) needs
improvement e.g. by optimizing the growth media. One
question that may arise in this respect is whether NH4Cl is the
best source of nitrogen when NH4
þ ions have been shown to
migrate to the cathode [23].
Table 1 e Experiment 1. Variation of COD reduction, electrode potentials and daily dosage of acid with the pH of the
catholyte.























5 32 % 5(2) $52 % 20 $652 % 20 9 % 1.4(4) 30.5 % 5.1(2) 100 % 18 $750 % 20 6.5 % 1(2)
7 30 % 2(4) $150 % 86 $750 % 86 5.4 % 1.7(8) 31 % 5.6(2) $170 % 2 $1020 % 15 5.0 % 0 (2)
9 12 % 4.7(2) $256 % 44 $856 % 44 7.1 % 2.5(5) 29.7 % 6.7(3) $213 % 55 $1056 % 44 7.2 % 0.7(3)
(Cf. theoretical cathodic potentials (vs Ag/AgCl) at pH 5 ¼ $500 mV, pH 7 ¼ $620 mV and pH 9 ¼ $740 mV).
Table 2 e Experiment 1. Comparison of performance
indicators at different pH of catholyte and applied
potential. Calculations based only on average values of
current, COD reduction and hydrogen production rates.




















5 40 32 0.52 60 45 1.1
7 28 2.5 0.13 52 39 0.81
9 54 25 0.50 57 47 1.0
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3.3. Influence of temperature
Current density and hydrogen production were influenced by
temperature, increasing in the range 20e30 !C and then
decreasing as temperature was increased to 53 !C (Fig. 5). The
optimum temperature for operation of the MEC was circa
30 !C, where average hydrogen production rate was 56.5 ml/
day (173 ml/Lanode/day, current density 1.69 A/m
2). At room
temperature (23 % 1.4 !C) the average hydrogen production
rate was 42.2 ml/day (current density 1.33 A/m2).
By the end of operation at 30.4 % 1.04 !C (day 12.8), the
catholyte conductivity had increased from that of 50 mM PBS
(5.97 mS/cm) on day 0 to 13.6 mS/cm. Increasing the temper-
ature to 42.9% 0.4 !C and then 49.3% 3.9 !C led to a decrease in
current density and hydrogen production (Fig. 5). However,
the MEC could be recovered by reverting to lower tempera-
tures after operation at the higher temperatures. Having
switched off the heating on day 25.84, it took 4.7 days for the
current to increase to previous levels. Temperatures lower
than 30 !C were also shown to decrease current density and
hydrogen production rates. The current density at 20 !C (0.89
A/m2) was almost half that at 30 !C (1.69 A/m2, Fig. 4). The COD
reduction at 30 !C (days 13e20) was 42.5% while at 23 !C (days
30e45) was 17.3%. The average potential difference actually
applied to the cell was 862 mV and the pH of the effluent
averaged 6.50.
Methane production in the anode was also found to vary
with temperature. At 30 !C, a methane production rate of
2.96 ml/day was recorded. When the temperature set point
was changed to 42.9 !C on day 12.8, temperature increased
and the methane production rate in days 13e14 (temp.
41e43 !C) was 12.9 ml/day but it then decreased steadily
reaching 1.94ml/day in days 21e22. Nomethanewas detected
in the cathode chamber. It appears methanogenic activity
peaks at around 40 !C while electrogenic/anaerobic respira-
tion peaks at around 30 !C. At room temperature, methane
production, current density and hydrogen production was
lower than at 30 !C.
The optimum temperature for MEC operation appears to be
around 30 !C. Interestingly the current density at 30 !C was
almost twice that at 20 !C indicating agreement with Arrhe-
nious equation e which relates reaction rates of chemical
reactions with temperature e that a doubling of the reaction
rate constant accompanies a 10 !C increase in temperature.
Studies on the effect of temperature on MFC performance did
not give this agreement with the power density decreasing by
only 9% when the temperature was lowered from 32 !C to
20 !C [24]. The recovery of the microorganisms’ activity by
allowing the temperature to decrease to room temperature,
following a temperature increase to 52 !C, indicates that the
electrochemically active bacteria are resilient to higher
temperatures. From an energy standpoint, the optimal
temperature of ca. 30 !C suggests that MECs would be suitable
for tropical countries.
4. Conclusion
Hydrogen production was improved at catholyte pH 5
compared to pH 7 and 9, the effect beingmore significant at an
applied voltage of 600 mV than at 850 mV. The maximum
hydrogen production rate of 200 mlstp/lanode/day was obtained
at pH 5 in the cathode and an applied voltage of 850mV, giving
Table 3 e Experiment 1. Comparison of H2 production

















600 100 0.52 This study
Acetate
(600 mg/L)
850 200 1.1 This study
Acetate
(600 mg/L)




700 340 1.63 Tartakovsky
et al. [21]
a stp. Theoretical H2 yields : 4 mol/per mol acetate; 12 mol/mol
glucose.
Fig. 4 e Variation of current density and hydrogen
production rate with temperature (876 mV effectively



































current density Hydrogen production rate
Fig. 5 e Experiment 3. Variation of temperature and current
density over the operational period. Day 0 refers to the
time 6 days after end o f experiment 2.
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a H2 yield of 1.1 mol/mol acetate converted and a COD
reduction of 30.5%. The optimum temperature for MEC oper-
ationwas found to be around 30.4% 1.0 !C. Operation at 42.9 !C
and 49.3 !C inhibited hydrogen production; however, reverting
from 42.9 !C to 23 !C allowed the recovery of current genera-
tion in the MEC over 4 days.
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Abstract A fast and cost effective immobilization of
electron carriers, methylene blue (MB) and neutral red
(NR) by pH shift was proposed to improve bioanodic
performance. The adsorption of mediators onto the carbon
cloth anode was verified using cyclic voltammogram (CV)
and the effect of the immobilized mediators on acclimation,
power density, and acetate removal of MFCs was investi-
gated. A peak power density of P
max
(MB) = 11.3 W/m
3
was achieved over days 110 ~ 120, as compared to
P
max




(NR) = 3.1 W/m
3
 for
the treated anode after 15 sequential fed-batch operations.
The VFA removal rates however were similar for all MFC
systems, ranging from 82 to 87%. It could be suggested
that the increase in power density for the MB treated
electrode resulted from an enhanced electron transport
from exo-electrogenic bacteria. MB may also have a selec-
tive effect on the bacterial community during the start-up
stage, increasing the voltage production and acetate removal
from day 1 to 16. However, MFC with NR treated anode
produced an initial voltage under 100 mV, with lower
coulombic efficiency (CE). NR exhibited less favourable
mediator molecule binding to the electrode surface, when
subject to pH driven physico-chemical immobilization. 
Keywords: microbial fuel cell, air cathode, mediators,
enhanced electron transport, methylene blue, neutral red
1. Introduction 
Microbial fuel cells (MFCs) are bioelectrochemical devices
which are able to directly convert chemical energy in
resource streams containing biodegradable organic matter
into electricity. They are capable of processing a wide
range of biomass feedstocks and wastewaters [14]. These
devices have been studied as alternatives to conventional
wastewater treatment and for sustainable electricity gene-
ration with attention to scale up strategy [1,57]. One of the
biggest challenges associated with MFCs is the power
density, which is several orders of magnitude lower than
that of chemical fuel cells [8]. Low power density in MFCs
may be improved by the development of novel system
designs and the modification of anode structures [4,9,10].
Replacing carbon electrodes with carbon brushes or use of
carbon foam does dramatically improve the performance of
the devices by increasing surface area [9,10].
Artificial electron mediators allow electricity production
by the bacteria such as E. coli. [11,12], which are unable to
use the electrode directly or only produce low power den-
sities, therefore increasing the viability and performance of
bioelectrochemical system [9], from such bacteria depends
on facilitated or mediated electron transfer to the electrode.
The desirable characteristics for a mediator are (i) cap-
ability to penetrate the cell membrane; (ii) capability to
receive electron charges from the cell, and discharging on
the electrode, (iii) fast electrode reaction, (iv) high solu-
bility and stability, (v) low toxicity to microorganisms and
wider environment [13]; finally, (vi) ease of dissociation
from the cell membrane and microorganisms [14,15]. 
Potter et al. [16] showed Saccaromyces cervicae and E.
coli, generated an anode potential when a mediator was
used (under 100 mV), however they could not produce
electricity without the aid of mediators. The mechanisms
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were not investigated extensively thereafter and the medi-
ator used in the study was not specified. In the mid 90’s,
interest in mediator functionalised microbial electricity
generation re-appeared due to developments in MFC techno-
logy and the desire to increase power density stimulated by
the requirement for sustainable bioenergy production. A
large variety of chemicals are known to facilitate electron
transport from the bacteria to the anode; exogenous medi-
ators such as neutral red (NR) [12], thionin [17,18], potassium
ferricyanide [11], ubiquinone [19], methyl viologen (MV)
[3,14], methylene blue (MB) [14,20], and natural bacterially
produced chemicals (endogeneous mediator) such as phen-
azine and pyocyanin [21]. 
MB has been used widely in the dyeing industry, and its
redox characteristics have been used in MFC research as a
mediator as well. It is readily available at low cost and less
toxic than many other known redox mediators, and is
soluble in bacterial media in bioelectrochemical systems
[22]. MB was reported to have redox potentials of 0.101,
0.047, and 0.011 (vs NHE) at pH values of 5, 6, and 7,
respectively [23]. Detailed studies were performed on the
effect of MB on pure strain of P. falciparum with 50%
inhibitory concentration (IC
50
) values in the low concen-
tration (11 nM), in the context of its potential use as an
antimalarilal drug [24]. However, no detailed studies on
MB toxicity were performed with mixed cultures used in
MFCs. It has also been reported that MB can be immobi-
lized on a carbon surface by using a simple pH shifting
technique, so preventing interference with the wider eco-
system by being discharged with an effluent, as described
in previous studies [13,25]. 
While various electron carriers or mediators have been
used to improve electron transfer from the biofilm to the
anode surface [4,9,10], this has been mediated predomi-
nantly by free moving electrochemically-active molecules
in solution in the anode chamber. As indicated, this could
have deleterious polluting effects on the wider environment
and therefore is generally not acceptable for continuously
operated industrial processes. Physico-chemical immobili-
zation of MB on the electrode might reduce the cost of
activation and clean up e.g. recalcitrant dye wastewater
[26-29], and simultaneously could improve the performance
and power production. Carbon generated from saw dust
and pre-treated with base, has been used to remove MB,
which has been immobilised on the carbon by passive
physico-chemical adsorption [27,28]. This process can be
used in the activation of ‘bioelectrodes’ in an MFC; com-
bining dye oxidation with organic removal. Of note to this
study, MB has been shown to be efficient electron carrier
in MFCs, producing higher power density compared to a
control [30,31].
The efficiency of the mediator depends on many factors,
including the culture and the substrate used as well as its
molecular structure and other characteristics such as ability
to dissociate and polarity. It could be suggested that NR
interacts differently with bacteria, as shown in the previous
studies [11,12,14]. In the first article immobilized NR was
shown to improve the performance of an MFC using E.
coli and Actinobacillus succinogenes, however NR results
in poor performance in the other study, probably because
its performance largely depends on the conditions associ-
ated with the culture [11,12]. NR has a redox potential of
−325 mV, similar to that of NADH (−320 mV, vs NHE,
respectively) and it is both highly permeability into the
lipid bilayer [32], which is a desirable characteristic in
mediation. No detailed studies on NR toxicity studies have
been found relating to mixed cultures.
According to the author’s knowledge, the physico-
chemical adsorption of MB has not been investigated
extensively in MFCs. In this report, it has been shown that
by using simple pH shift, MB can be adsorbed onto the
carbon anode surface more efficiently than NR, even though
the solubility of MB (35.5 g/L) was lower than NR (56.4
g/L) in water. This is probably due to the positively charg-
ed MB
+
 ions, produced when MB-chloride is dissolved at
high pH (e.g. pH 12), which is likely to easily interact with
the carbon surface [33]. We have tested a simple pH shift
method for the immobilization of mediator onto the carbon
anode surface in order to activate the anode electrode for
electrogenic activity of bacteria. The performance of MFCs
with MB and NR treated electrodes was compared to con-
trols using cyclic voltametry, power density, and organic
removal capability. Such activation was shown to be very
effective and might provide a mechanism useful in scale-
up, in terms of the cost effective activation of carbon
electrodes. 
2. Materials and Methods
2.1. MFC configuration with MB- or NR-treated carbon
electrode
A carbon veil electrode (plain carbon cloth, PRF composite
materials, Dorset, UK) was placed into 1.34 mM MB ([7-
(dimethylamino) phenothiazin-3-ylidene]-dimethylazanium
chloride C.I. 52015, Fisher Scientific, Loughborough, UK)
solution for 28 h and dried for another 28 h (MB-carbon
electrode treatment). The same procedure was repeated for
NR (8-N,8-N,3-trimethylphenazine-2,8-diamine hydro-
chloride, C.I.50040, Fisher Scientific, Loughborough, UK)
carbon electrode treatment. For physico-chemical adsorption
of MB on to the electrode, pH was adjusted from pH 5.5
to 12, using NaOH as described in the previous studies
[27,28]. MB is more likely to be adsorbed onto the surface
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at high pH (i.e. 10 ~ 12) at which most MB molecules exist
in oxidized form (Figs. 1A and 2A), as shown in the previ-
ous study [34]. The prepared electrodes were assembled
into a membrane electrode assembly MFC as previously
described [5]. 
Each MFC consisted of one tubular opaque polypropyl-
ene cell with i.d. 40 mm. The tube (200 cm
3
 volume) was
radially perforated (53 holes each 10 mm in diameter) on
one side [5]. Each tubular cell was assembled with the MB
or NR adsorbed anode electrode around a carbon rod of
diameter 10 mm and length 200 mm. A cation exchange
membrane (CMI 7000, Membranes International, NJ, USA),
area 240 cm
2
, was attached to the outer surface of the tube
so as to cover the perforations, thus separating the reactant
in the container from the cathode while allowing ion
transport to the cathode. The cathode electrode (carbon
cloth, area 75 cm
2 
coated with 0.5 mg/ cm
2
 Pt, BASF fuel
cell, NJ, USA) was placed around the cation exchange
membrane forming a membrane electrode assembly [1,5,35].
2.2. MFC start up and operation
The anode was inoculated with anaerobic digester sewage
sludge (20% v/v) obtained from a wastewater treatment
plant (Cog Moors, Cardiff, UK). During the start-up, the
media supplied to the anode chamber consisted of 1.64 g/
L CH
3
COONa, 310 mg/L NH
4











, 12.5 mL of minerals,
and 12.5 mL of vitamin stock solution [5]. The concen-
trations and species of the mineral salts in solution were the
same as used in the experiments performed by Kim et al.
[5,36].
After start-up, the sludge in the anode chamber was
removed and replaced with fresh anode media once a
week. The influent had a pH of 7.0 and a conductivity of
7.24 mS/cm.
2.3. Analyses
2.3.1. Cell potential and power
Each experiment lasted for 210 days, during which the
voltage across the load was monitored manually using a
multimeter (Fluke 115 true RMS multimeter), while the
MFC was maintained at 23 ± 2
o
C except where stated
otherwise. In order to investigate current-voltage response,
the resistance was switched from open to short circuit
using a variable resistance box (Tenma, resistance decade
box, 72-7270) at 1 hour intervals, at which point pseudo
steady state conditions had been established. 
2.3.2. Electrochemical measurements
In order to test how much MB was adsorbed onto the
carbon veil, CV was performed in the range of 0.7 ~ −0.7
V vs Ag/AgCl electrode for the abiotic solution, at a scan
rate of 10 mV/sec using a buffer solution prepared as
previously described by Kim et al. [35,36] (with and
without acetate in the media); and from 0.4 to −1.2 V vs
Ag/AgCl for the effluent samples containing bacteria. This
was because CVs of an electrochemically active mixed
microbial community may have several oxidation and reduc-
Fig. 1. Molecular structure of MB (A) and dissociation equation
for neutral red (NR) (pKa = 6.8) (B).
Fig. 2. Interaction between delocolozed electrons on cabon fibers
of carbon felt, and positive dipole on suphur atom in methylene
blue, (A) pH 5.5 and (B) pH 12.
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tion peaks, which may not appear if the lower range were
used [10,37]. The potentiostat (Model 1287 Electrochemical
Interface, Solartron Inc., Farnborough, UK) was operated
through a desktop computer running the control software
(Corr-Ware 2TM, Scribner Associate Inc., NC) interfaced
to the potentiostat via a USB to parallel interface (National
Instruments GPIB-USB-HS). Three effluent samples were
collected from each MFC each week, once the voltage
output reached 300 mV. All samples were then scanned,
after being flushed with nitrogen for 5 min.
2.3.3. Analysis of volatile fatty acid removal
Liquid samples were collected every week, at the end of
each batch operation cycle (1 week) and stored at −80
o
C
before being analysed. Volatile fatty acids content of the
samples was determined using a gas chromatograph (Perkin
Elmer Ltd, Cambridge, UK) equipped with a headspace
sampler (Turbo Matrix 40 trap headspace sampler, Perkin
Elmer Ltd, Cambridge, UK), as previously described by
Cruwys et al. [38]. Hydrogen and methane composition in
the off gases were measured using a CP-4900 Micro GC
(Varian Ltd, Cambridge, UK), as previously described [39,40].
Conductivity was measured using a portable conductivity
meter (Mettler Toledo, SevenGo pro™, SG 7, Leicester,
UK).
3. Results 
3.1. The effect of MB on enrichment
Fig. 3 shows the development of voltage generation in the
MFC with physico-chemically immobilized MB and NR
treated carbon electrode, compared to a control with un-
treated carbon electrode. The voltage generation began to
noticeably increase from 6 days of enrichment when using
the MB modified anode electrode, reaching and stabilizing
at 153 mV (0.78 W/m
3
), on day 8 and slowly increased to
286 mV (2.73 W/m
3
), on day 20. In the later period of the
experiment (days 23 ~ 71), the voltage continuously increased
and reached at 366 mV (day 118, 4.47 W/m
3
) and then
stabilized at 353 mV (day 154, 4.15 W/m
3
) with a 150 Ω
resistance. The NR treated carbon electrode, however,
showed a relatively low voltage, which slowly increased
from 0.45 (days 1 ~ 5) to 43.4 mV on day 23 and kept
fluctuating between 40 and 50 mV until day 71. The con-
trol (without mediator) showed a lag phase of 8 days, then
rapidly increased and stabilized to approximately 301.7
mV (3.03 W/m
3
) on day 19. In the later period of the
experiment (days 23 ~ 71), the voltage slowly increased




These results indicate that the physico-chemically im-
mobilized MB mediator can facilitate rapid initial voltage
development in the MFC. However, whenever the media
was replaced during fed-batch operation, the voltage
fluctuated between 100 and 260 mV, probably due to wash
out of the community that had established in suspension/
biofilm (days 23 ~ 71), then stabilized at voltages of 280 ±
10 mV for MB, 280 ± 10 mV for control and 40 ± 10 mV
for NR. When the biofilm developed on the anode
electrodes, the average voltage outputs observed (from 71
to 154 days) were almost the same for the MFCs with MB
treated carbon electrodes and the control (313 and 309 mV,
respectively). The NR treated carbon electrode showed
significantly lower average voltage output (223 mV). The
voltage outputs were significantly affected by temperature
fluctuations, which ranged between 21 and 25
o
C. The volt-
age varied from 310 ± 5 to 350 ± 5 mV, in the MFCs with
MB treated carbon electrode (data not shown). 
3.2. Cyclic voltammetry 
In order to investigate physico-chemisorption of MB onto
the carbon electrode, cyclic voltametry tests were conduct-
ed at pH and pH 12, respectively (Fig. 4). Reduction and
oxidation peaks with increased amplitude were obtained
from MB treated carbon electrode at pH 12 (0. 69 mA at
−0.13 V and −0.85 mA at −0.29 V, respectively), compar-
ed to those at pH 5.5 (0.10 mA at −0.20 V and −0.38 mA
at −0.27 V, respectively), and MB in solution (1.34 mM)
(0.10 mA at 0.20 V and −0. 23 mA at 0.14 V, respectively).
Post peaks also appear next to reduction and oxidation
peaks for the MB treated carbon electrode at pH 12 (0.33
mA at 0 V and −0.20 mA at −0.07 V, respectively). The
post peaks occur when the difference in energies for
reduction of adsorbed and dissolved reactant is large, and
therefore indicates strong adsorption [41]. 
Fig. 3. The development of voltages in MFCs with immobilized
MB, NR compared to a control without mediator, during the
enrichment process.
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 Cyclic voltammograms with different MFC effluent
samples containing bacteria were also compared in order to
investigate the effect of microbial activity on the current
production (Fig. 5). The samples with MB treated carbon
showed different CV patterns with a higher oxidation peak
(4.36 × 10
−2 
mA at −0.026 V) compared to the NR (1.97 ×
10
−2 
mA at −0.077 V) and control (1.94 × 10
−2 
mA at
−0.080 V) (Fig. 5). This result suggests that the MB treated
carbon anode was populated by different species of bacteria
compared to the control and MFCs with NR treated anodes.
The absence of reduction peaks supports notion that the
exo-electrogenic biofilm transferred electrons to the carbon
anode continuously, without selectivity according to potential,
therefore only the oxidation reaction was observed [42].
3.3. Cell potentials and power density 
The voltage-current response was investigated to compare
maximum power density for MB and NR treated carbon
anodes as compared to the control. The peak power was
higher by a factor of two for the MFC with MB treated
anode compared to the control, as well as the power den-
sities at low load resistance and high current regions. The
NR treated anode, consistently performed less effectively
than the MB or control. The power density obtained at
20
o
C at 10Ω resistance, was 7.06 W/m
3
 (11.88 mA) for
Fig. 4. Cyclic voltammogram showing MB pre-treated carbon electrode at pH 12, and MB pre-treated carbon at pH 5.5 as compared to
carbon only control, in sterile electrolyte solution (pH 5.5), and MB in the same solution (not immobilized).
Fig. 5. Cyclic voltammogram of MFC effluent containing
bacteria, with MB and NR and carbon only control.
Fig. 6. Comparison of voltages and power densities for MFCs
with MB and NR immobilized carbon electrode on day 118.
Power densities (open symbols) and cell potentials (closed
symbols), are compared for carbon anodes modified with
immobilised MB, NR and a carbon only control.
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the MFC with MB treated carbon anode while the power
density for the control was 3.24 W/m
3
 (8.05 mA) (Fig. 6).
It is clearly shown that the I-V curve extended to higher
currents, probably due to an increase in the rate of electron
transport facilitated by MB mediator in the MFC. The
maximum power densities were P
max





(Control) = 4.5 W/m
3
 (4.7 mA), both obtained at
the load of 40Ω and P
max
(NR) = 2.63 W/m
3
 (2.29 mA),
obtained at the load of 60Ω at 20°C, respectively (Fig. 6).
The highest power density P
max
(MB) = 11.3 W/m
3
 (7.5
mA) was obtained as compared to P
max
(Control) = 5.3 W/
m
3
 (5.2 mA) and P
max
(NR) = 3.06 W/m
3
 (3.19 mA) (Fig.
7) at 35
o
C. The increase in maximum power densities with
MB treated carbon electrode was more pronounced com-
pared to those of the control and NR electrode, when the
temperature was increased from 8 to 35.5
o
C, and simultan-
eously, no methane production indicating lower methano-
genic activity with MB electrode (Table 1). 
3.4. Effect of immobilized mediators on the VFA removal
VFA (acetate) removal rates using MB and NR treated
carbon electrodes and the control are shown in Fig. 8.
Initial VFA removal rates in the MFCs were 7.4 mg/L /day
(9.7%) for the control, 30.3 mg/L/day (39.7%) for NR, and
23.3 mg/L/day (30.5%) with MB treated carbon anodes,
respectively (Fig. 8). The higher VFA removal rate in the
MFC with MB treated carbon anode was accompanied by
the higher voltage generation during the initial increase in
voltage over days 5 ~ 16 during the start-up. The VFA
removal rate increased for all reactors, but showed different
rates, for example, from 9.7 to 87% (66.5 mg/L/day) for
control, 39.7 to 82% (62.6 mg/L/day) for NR; and from
30.5 to 83% (63.4 L/day) for MB. The VFA removal rates
for all reactors was almost the same after 118 days, how-
ever there was a significant difference in the power den-
sities as previously described, indicating higher exoelectro-
genic activity with the MB treated electrode. These results
indicate that MB may have affected bacterial selection and/
or metabolism on the electrode, thus changing the diversity
of the bacterial community on the biofilm and/or in sus-
pension, which are expected to adapt to indirect electron
transfer to the electrode with MB treated carbon, as com-
pared to the control.
3.5. Effect of immobilized mediators on gas production
in the MFC
An increase in methane production was seen on day 7 and
it decreased after the sludge was removed and replaced
with fresh media, on day 14 (Table 1) was accompanied by
a low carbon dioxide concentration attributable to hydro-
genotrophic methanogenesis. Methanogenic activity decreas-
ed significantly from days 14 to 147 (data not shown), in
the MFC containing an MB treated carbon anodes, while
0.07 ~ 0.14% of methane was detected in the control and
NR treated carbon anode MFC. An increase in carbon di-
oxide production on day 7 was also accompanied by an
increase in VFA removal, voltage, power density and a
gradual increase in conductivity in all reactors. These results
imply that electrogenesis was activated while methano-
Fig. 7. Comparison of currents to voltages and power densities for
MFCs at different temperatures on day 118. Power densities (open
symbols) and cell potentials (closed symbols), at 35.5, 20, and
8
o
C. (A) MB immobilized carbon electrode; (B) carbon electrode
(control); (C) NR immobilized carbon electrode.
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genesis decreased, facilitated by an increased electron
transfer rate in the MFC, when using the MB treated
carbon anode.
4. Discussion 
MB was successfully immobilized onto the electrode surface
by a simple pH shifting method. Although MB has been
used as a mediator in many studies [14,30,31], immobili-
zation of MB on the electrode by a physico-chemical
adsorption of pH shifting has not been done before in
MFCs. This could be a feasible activation method for
carbon electrodes for electrogenic bacteria, which could
simultaneously treat contaminated wastewater (e.g. dye),
and generate electrical power. Lower adsorption of MB at
acidic pH is probably due to the presence of excess of H
+
ions competing with cation groups [34]. These results are
confirmed by the studies on MB adsorption onto the saw
dust [43-46], to form an activated MB-carbon anode. It is
likely that MB, in its ionic form, interacts with delocolised
electrons on carbon. Gravimetric analysis conducted at pH
5.5 showed that 8.0 ± 0.5 mg of MB was adsorbed onto the
cabon felt electrode (36.1 ± 1.0 g) at pH 12 as compared
to only 3.0 ± 1.0 mg at pH 5.5. Thus the lower adsorption
of MB onto the carbon surface could also be the reason for
smaller oxidation and reduction peaks on the carbon veil
pre-treated at pH 5.5; compared to higher peaks on the
carbon veil pre-treated at pH 12 (Fig. 4).
NR was poorly adsorbed onto the carbon suface, as
predicted by Henderson-Hasselbalch equation (6.8 + log
10




H) = 12), which shows that most NR
stays in its non polar NR form at pH 12 (Fig. 1). NR also
seemed not to be efficient in the methods used here for
electricity production, though NR can also be immobilized
and be an effective electron mediator, as discussed in
previous studies [48]. The proposed reason for inferior
performance is that NR molecule interacts differently with
different receptors on cell membranes and its performance
largely depends on the culture conditions and species
selection [14]. 
The adsorbed MB improved the MFCs power density by
a factor of two on day 118 (Fig. 6) and improved the VFA
removal rate between days 1 and 23 (Fig. 8). This clearly
showed that the MFC with MB treated carbon electrode
facilitated the start-up process more rapidly than the con-
trol. During the second voltage increase (day 71), MB had
a slightly different effect on the performance. The acetate
removal rates and average voltage outputs were almost the
same for MB and control, between days 71 and 154. The
power density was twice as high for MB treated anodes
compared to control on day 118 (Fig. 4). The MFC with
NR treated carbon electrode, however, showed significant-
ly lower voltage. It is likely that this was because of the
limited electron current flow between the bacteria and elec-
trode [3]. The increased power density at higher current
obtained in MB treated carbon supports the hypothesis that
immobilized MB improves the electron transport from the
bacteria to the anode.
Cyclic voltammograms for the samples removed from
the reactor with MB treated anode showed higher oxida-
Table 1. Gas composition in the tubular MFC reactors (with 12.6 cm
3











% Total gas volume (ml/day)
7
NR / carbon anode 0 0 80.51 2.43 0.44 0.5
MB / carbon anode 0 0 80.13 4.09 0.39 4
Control (carbon anode) 0 0 77.26 0.27 1.01 0.5
NR / carbon anode 0 0 76.48 0 2.05 5
14 MB / carbon anode 0 0 76.93 0 1.83 17.5
Control (carbon anode) 0 0 76.78 0 0.76 2.4
NR / carbon anode 0.01 0 74.76 0.14 1.05 1.05
119 MB / carbon anode 0 0 77.16 0 4.56 8
Control (carbon anode) 0 0 74.43 0.07 0.89 0.5
Fig. 8. VFA removal rates in MFCs with MB, NR modified
anodes and a control, with carbon electrode.
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tion peak compared to NR treated anode and the control
(Fig. 5). Initial VFA removal rates from the MFC with MB
treated carbon anode were three times higher than the
control. This suggests that mediators increased the VFA
removal rate during start-up, as well as improving power
generation. According to Wagner et al. [49] the VFA re-
moval would be expected to be higher for the MFCs with
higher power densities, as initially observed. It is reason-
able to suggest that MB increased the bacterial biofilm
metabolism towards exoelectrogenesis more significantly
from day 5 to day 16, compared to the control. After
several batch cycle replacements of media and innocula,
the bacteria capable of using MB for indirect electron
transfer [14,50] and capable of attaching themselves to the
carbon anode, were more likely to populate the anode with
MB immobilized on its carbon surface. This would explain
enhanced electron transport on day 118, after 15 fed-batch
cycles (Fig. 6). Further research should be done in order to
identify how MB and NR treatment affects the growth and
diversity of mixed culture in the biofilms growing on the
anode surface. 
The temperature also significantly affected the cell potential
and the power density according to current, probably due
to different bacterial communities acting within the biofilm
[51,52]. The highest power density with MB treated carbon
electrode, P
max
(MB) = 11.3 W/m
3
 (7.5 mA) (Fig. 7A), was
approximately two times higher than the control. The
maximum power densities increased in MFCs with MB
treated carbon electrodes and was significantly higher than
the control over the range of 8 ~ 35.5
o
C. This result
indicates that improved bacteria-anode electron transport
might enhance the system capability to adapt and increase
performance when subject to environmental changes (e.g.
temperature). 
The physico-chemical adsorption of mediator using the
simple method presented (i.e. pH shift) could readily be
applied to large capacity MFC systems for e.g. wastewater
treatment and/or energy recovery if scale-up barriers were
resolved. Some further investigations should however be
undertaken; such as ensuring efficient immobilization
techniques and scale-up of activation process for carbon
materials with mediators (e.g. MB) [36]. The immobilised
mediator improved the power density of the MFC, and
could be used for continuous treatment of organic waste
streams, with more efficient energy recovery than carbon
electrodes alone. It is believed that chemical treatment can
provide an efficient and cost effective activation method
for electrodes used in bacterial respiration in MFCs.
This method could also be applied for the removal of
other industrial dyes such as resazurin [53]. The results
show that a simple physico-chemical method to immobi-
lize the electron carrier onto the carbon electrode surface
can activate, bioelectrochemically, a carbon electrode, in
order to enhance MFC’s performance in continuous flow
systems requiring large volumetric capacities in order to
treat waste streams. MB may be leached out through a drop
in pH caused by bacterial metabolism. Excessive leaching
will render the MFC system to be mediated. However,
highly localized leaching may contribute to micron-scale
electron transportation occurring between attached micro-
organisms and the anode, driven by local proton accumu-
lation. These methods could be combined with dye re-
moval from industrial wastewater via its adsorption onto
the activated carbon material, which may then be convert-
ed into an anode for bioelectrochemical reactions in the
MFC. 
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Bioelectrochemical systems (BES) are expected to have 
a significant role to play in future energy saving and 
generation, in the separation of ions and manufacture of 
bio-derived products; be they energy gasses, liquids or 
materials. Microbial fuel cells (MFCs) have received 
the most attention to date, but there are considerable 
lessons to be derived from this subset of BES, in terms 
of the minimisation of losses and particularly the 
performance of the anodic half cell of BES. While 
interest exists in relation to commercialization of these 
technologies, there are relatively few examples of 
increasing scale while maintaining adequate 
performance. The paper explores some of the issues in 
relation to scale-up and presents an overview of the 
work of the authors in this regard. 
Keywords: Bioelectrochemical systems (BES), 




The mitigation of pollution by reducing waste 
discharges to water courses and the use of fossil fuels 
has been well rehearsed elsewhere, e.g. (1-6). Several 
states have passed legislation to drive an agenda of 
waste reduction, reuse and energy from waste; e.g. the 
UK Government has passed several acts related to 
energy and waste treatment/pollution abatement, some 
of these are driven by EU directives and international 
commitments, (e.g. UK Energy Act 2010, 2011 (DECC 
http://www.decc.gov.uk ), Climate Change Act 2008, 
EU Directives on Renewable Energy, Landfill,  Water 
Framework and Urban Wastewater, along with several 
regulations, plans and targets. The UK is legally 
committed to an 80% reduction in all GHG emissions 
by 2050 c.f. 1990. Human effects on climate and 
ecosystems alongside increasing global population and 
consumption; and a propensity to urbanisation, will 
exacerbate the problems of waste, energy and resource 
availability.  
The rate at which carbon emissions to the atmosphere 
would need to reduce for the concentration of CO2 to 
stabilise at 550 ppm by the turn of this century, 
becomes progressively more severe and costly 
(http://www.direct.gov.uk/en/Nl1/Newsroom/DG_0648
54). Exactly how green house gas (GHG) emissions 
may be mitigated is still a prolific and wide ranging 
field of investigation. However, the International 
Energy Organisation predict that bioelectrochemical 
systems (BES) have the potential to contribute by 
efficient waste treatment and energy from waste; better 
use of resources and more efficient production of 
materials. 
Microbial Fuel Cells (MFCs) and microbial electrolysis 
cells (MECs) among other BES have received a 
significant level of attention to date; particularly since 
the turn of the millennium (7-9). In essence, BES are 
electrochemical processes which are catalysed by 
biological processes. Specifically microbial, whole cell 
processes are of interest in this treatment, but enzyme 
focused systems are attracting attention too. The 
development of such systems started in the early 20th 
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century(10), but remained a curiosity, with notable 
exceptions, until the work of (11) which represented at 
key development, in that the ubiquitous use of electron 
shuttling (and environmentally damaging) redox were 
shown not to be essential. This development opened the 
field to wastewater treatment processes and raised 
interest from electrochemistry, materials sciences and 
molecular biology; establishing a multi-disciplinary 
community well equipped to progress MFC 
development. Interest in other specialised application 
such as in vivo, benthic/sedimentary MFCs have 
persisted also.  
BES consists of anodic and cathodic chambers in 
general. The electronic and cationic currents notionally 
initiated in the anode chamber, can be used in various 
ways; electricity generation analogous to conventional 
fuel cells, electrolysis, ion separation and reduction 
reactions at the cathode references on different BES 
systems. Although the performance of these systems 
depends on complex interactions between living and 
electro-active biofilms and electrochemical systems, 
with the biocatalysed anode highly coupled to the 
performance of virtually all other system elements; it is 
nevertheless useful to empirically and sometimes 
heuristically consider the common elements in BES. 
Bacteria, acting alone, or in syntrophic liaisons, have 
the fortuitous ability to oxidise many different 
substrates, making use of their versatile metabolic 
pathways. They may also be considered to be self-
regenerating catalysts and may also be useful, in 
processes, as electron sources or sinks.  
The scale-up of the bio-anode has been a focus for the 
Sustainable Environment Research Centre (SERC), 
achieving a 2 fold doubling of the system volume with 
virtually linear correlation to volumetric power density. 
An elaboration of some key issues of scale-up and of 
the progress made in anode performance and low 
temperature operation and the wider context and 
challenges of the technology will be presented. 
 
2. BES TECHNOLOGIES 
BES represents a family of electrochemical processes 
which use biological catalysts (12). This family 
includes systems which utilise the natural ability of live 
microorganisms to use metabolic pathways which can 
reduce solid electron acceptors, e.g. iron and manganese 
oxides.  As for example in microbial Fuel cells (MFCs), 
bacteria transfer electrons to reduce an anode electrode 
which acts as a terminal electron acceptor for their 
respiration; and so they derive life energy.  Conversely 
the microorganisms may use a cathode as a source of 
electrons to facilitate reduction reactions in anabolic 
processes for electrochemical synthesis. Bacterial BES 
may also generate the potential to drive the movement 
of ions for e.g. desalination or separation processes 
(13). A common benefit in BES is the use of low value 
biodegradable feedstocks (substrates), typically waste 
streams, as a source of energy. Hence waste treatment is 
an important collateral feature of BES. The substrates 
are oxidised by a biofilm (electrogenic microorganisms) 
delivering electrons to an anode electrode. 
 
2.1 Future development 
The deployment of BES technologies is likely to require 
a simultaneous development of suitable materials, 
surface and redox chemistry; selection or synthesis of 
appropriate biofilm, enzymes or planktonic catalysts; 
identification of suitable and economic BES functions 
or products; the selection of suitable feed-stocks and the 
development of optimal operating procedures. 
Furthermore, these advances must be deployed in viable 
conceptual arrangements or designs which are able to 
cost effectively make the transition from laboratory 
scales to systems which are large enough to find utility 
as wastewater treatment or production facilities. 
Integration of BES into existing wastewater treatment 
system will be of great interest as it can complement 
and replace the present energy intensive aerobic 
process. 
2.2 Key barriers to development 
Arguably, the most significant barrier to BES 
exploitation lies in the fact that these processes are 
inherently sensitive to losses which become dominant in 
scale-up; i.e. it is a typical and important feature of 
most BES designs, that internal losses typically and 
rapidly increase with scale. Stacking an enormous 
number of very small, plate-like BES cells would, in the 
absence of more elegant concepts, be impractical and 
costly. It is therefore necessary to find appropriate 
embodiment concepts to translate the technology 
from laboratory to the large industrial capacities 
necessary in e.g. wastewater treatment. Most scale-up 
concepts proposed to-date generally require 
modularization and replication of the fundamental BES 
cell structure to increase volume. 
 
The field of BES awaits a ‘game changing’ strategy, 
which will allow cost effective scale-up of BES in all 
their numerous embodiments. These include several 
highly desirable processes:  electricity generating 
microbial fuel cells (MFCs) (7, 8); hydrogen producing 
microbial electrolysis (ME) (14), or indeed methane; 
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microbial electrochemical synthesis (MES), producing 
renewable materials; desalination (13) and separation 
processes; waste treatment processes (15-17) and 
others. Utilizing low value energy sources such as 
wastewaters, municipal and industrial waste streams, 
co-products and wet biomass from farming and other 
sources. The scope for exploitation is therefore 
manifold. 
 
3. AN OVERVIEW OF MFC/BES SCALE-UP 
Specific power and current densities in MFC and BES 
are considerably lower than conventional fuel cells. 
They are unlikely to find utility solely as power sources, 
apart from niche applications. Self sustaining waste 
treatment; energy from waste; low cost production of 
specialist biosynthesised products or bio-augmented 
electrochemical processes are more likely to present 
cost effective exploitation routes. Advanced treatment 
of recalcitrant organic contaminants include dye 
wastewater (18, 19) and nitrilotriacetic acid (20). 
Resource recovery using BES is also of great interest 
for example: metal from acid mine drainage (21-24). 
These results indicate that BES could be a versatile field 
of technology. 
3.1 MFC as a model for BES 
 
The basic operating principle of an MFC is similar to 
Proton Exchange Membrane Fuel Cells (PEM FC) (25). 
However, as in all BES, they rely on complex 
interactions between living, electro-active biofilms and 
the remaining electrochemical system.  Metabolic 
processes oxidise foods through an in-cell electron 
transport chain, with an extracellular terminal electron 
acceptor (oxygen in respiration;   products such as 
methane, hydrogen, volatile fatty acids, in fermentation 
and methanogenesis). BES must present an environment 
in which it is thermodynamically advantageous for the 
microorganisms to use metabolic pathways and 
electron transfer mechanisms, which involved an 
electrical circuit. In reducing the anode, the 
microorganisims (generally bacteria) deliver an 
electrical current to a reduction reaction at the cathode, 
frequently O2 in an MFC. 
BES typically have a common requirement for an anode 
catalyzed by microorganisms. MFCs are a subset of 
BES and may reasonably be employed as an anode half-
cell model in considering scale-up. However, the 
bioelectrochemistry, particularly the ionic species 
involved and the cathodic reduction reactions will 
require detailed investigation in each specific case. 
  The cathode half-cells in BES, which may facilitate 
product formation through electron transfer to a 
biologically catalyzed reduction reaction, might be 
considered to be analogy to the reactions at the anode, 
but with electron transfer from the electrode to the bio-
catalyst; or may draw lessons from optimized anode 
arrangements. 
3.2 Likely sources of energy 
Using the chemical energy of municipal and industrial 
waste streams, co-products and crops, will make 
significant contributions in mitigating the concerns 
raised by fossil fuel consumption. It is worth 
considering the energy lost and consumed from e.g. 
wastewater; energy which could be utilised in BES, 
while maintaining some healthy reservations in relation 
to particulate loading and conductivity for example. We 
have estimated that 330m3/tDM of waste, co-products 
and crops are available in the UK alone (26), which 
could be  made available as feedstock. Substantial 
biomass resource is reported to exist in many regions of 
the. The aim might be for anodic systems in BES 
processes to have comparable conversion efficiency to 
anaerobic digestion (12), but with a more direct and 
efficient utilization of the energy in the various 
manifestations of BES listed above.  
BES are able to use a wide variety of biodegradable 
materials such as sugars and other carbohydrates, 
volatile fatty acids and wastewaters, as fuel. Several 
investigations have been conducted in relation to the 
use of different materials as substrate and these have 
been reviewed in (12, 27) have reviewed plausible 
substrates for MFCs and these are likely to be 
appropriate for many embodiments of BES. Their most 
promising application therefore is the utilization of the 
large volumes of municipal and industrial wastewaters 
 which contain large amounts of chemical and /or 
 biological oxygen demand (COD/BOD) and hence 
energy. BOD represents pollution potential, and 
simultaneously incurs large energy costs in its 
mineralization. In the UK for example approximately 
2% of total UK electricity demand is used in aeration, 
pumping etc in the treatment of waste water (28). BES 
have the potential to convert this BOD to a resource, but 
would require large capacity systems to cope with the 
throughput.  
A barrier in ongoing BES research  is that the highest 
current densities are only achievable at very small 
scales which primarily minimise ohmic losses e.g. 
power density of ~1 kW/m3 MFCs (29), despite 
virtually logarithmic improvements in specific 
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volumetric power production over the past 10 years or 
more. The issue of scale is of considerable importance. 
3.3 Can MFC/BES technology scale-up? 
BES research has focused mainly on laboratory scale 
devices to-date, e.g. Nevin et al (2008) showed they 
could achieve greater than 2kW/m3, specific to reactor 
volume, which was less than 0.5ml. However there 
appears to be a swing in emphasis towards applications. 
Extrapolating laboratory scale performances to an 
industrial scale has not always considered the 
difficulties which need to be addressed to achieve scale-
up. Dewan et al (30) considered the frequently asserted 
assumption that increased electrode area would 
necessarily render greater increased power density. 
They showed that there was not a direct linear 
relationship between specific power density and anode 
area, but a logarithmic relationship instead. They 
suggested there may be serious questions to address in 
relation to the plausibility of MFC scale-up.  
MFCs are limited in several senses in their current state 
of development.  A critical issue is the spatial 
arrangement of the anode and cathode, regardless of the 
presence or absence of an ion-exchange membrane.  A 
tension exists between various over-potentials related to 
ohmic, activation and mass transfer losses; and volume 
available for bacteria and the substrate. Fig. 1 indicates 
the predominant classifications of overpotential losses 
expected in MFC, where the cell voltage is diminishes 
as current loading is increased
 
Fig. 1 Indication of overpotential losses and their region 
of dominance as current loading is increased in an 
MFC. (after (12)) 
Concentration overpotentials become a particularly 
serious issue for large scale BES systems (31, 32).  The 
ion transfer resistivity of wastewater at room 
temperature is typically between 0.2 Ω m-1 (50 mS cm-1, 
seawater) and 20 Ω m-1 (0.5 mS cm-1, drinking water). 
One might expect that the larger the volume of the BES 
cell, the less efficient it will be in transferring charge 
from the electrochemical reaction site (at the 
microorganism) to an electrode. The spatial 
arrangement of the anode and cathode affect the internal 
impedance, while supply of substrate and removal of 
biologically derived products (which are frequently 
inhibitory), are affected by diffusion and hydrodynamic 
forces; which are also coupled to impedance.  The 
reactor liquid volume is implicated in all these 
processes and losses (33, 34).   
Increased separation between the catalyst and electrode 
or turbulent fluid flow patterns will induce ohmic 
losses. Mass transfer and activation losses arise from 
substrate depletion and/or product inhibition of the 
biological catalyst or diffusion through concentration 
gradients limiting access of the microorganisms to the 
substrate, which represent losses induced by local 
environments in the vicinity of the catalyst. Ohmic 
losses in the electrode are also dependent on the scale of 
the reactor, the distance to the electrode and the surface 
area of the electrode compared to the fluid volume. 
 
BES are therefore characterised by a series of 
seemingly conflicting requirements. Electron transfer 
from bacterial metabolism to serve the purposes of BES 
requires efficient electron transfer mechanisms. 
Bacterial proximity to an electrode is implicated in 
efficient electron transfer, which suggests that that 
electroactive biofilms with steric access to the 
electrode/electron donor or acceptor are preferable. 
Planktonic biomass is not ideal as electron transfer 
requires synthetic or natural redox mediators to 
transport electrons through the cell membrane in a cycle 
of oxidation and reduction; and is susseptable to 
washout. The use of low value waste streams such as 
waste waters and municipal solid waste typically 
requires that large volumes to be processed. Large 
concentrations of electroactive and/or syntrophic 
bacteria are necessary to achieve efficient bio-
conversion of the biodegradable substrates to energy 
carriers (electricity, hydrogen, methane etc), or products 
(H2O2, caustic, hydrogen etc and other reduced 
products). If the biomass is immobilized and localized 
at the electrode surfaces, this will require a large 
electrode area. High level of mass transport for 
substrate supply to electrogens and removal of protons 
and other localised and inhibitory bio-products and 
highly conductive electronic and cationic pathways with 
large electrodes for biomass immobilisation are also 
required. Such electrodes should exhibit a retained and 
highly electroactive biofilms, associated with a high 
surface area to volume ratio electrode. The intent should 
by some mechanism be to facilitate low ohmic losses, in 
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a large tank-like reactor (for reasons of cost and 
throughput). Increased separation between the catalyst 
and electrode or turbulent fluid flow patterns may 
induce ohmic losses. Mass transfer and activation losses 
arise from substrate and/or product inhibition of the 
biological catalyst or concentration gradients limiting 
access of the microorganisms to the substrate and those 
are losses affected by local environments about the 
catalyst. Ohmic losses in the electrodes are also 
dependent on the scale of the reactor. 
 
4. SOME PRACTICAL EXAMPLES 
Dewan et al (30) amongst others made the observation 
that power production from MFCs and by implication 
BES, logarithmically reduced as the area of the anode 
increases. They showed a rapid drop off in the region of 
<500 mWm-2 and <50 cm2. They suggested that the 
cathode should be made as larger than the anode to 
avoid limitation from this end of the system. This has 
not stopped attempts to circumvent these limitations.  
AWMC of the University of Queensland, Australia 
(http://www.microbialfuelcell.org/www/index.php/Appl
ications/MFC-Pilot.html) have tested a tubular MFC on 
brewery wastewaters.  The system was 1m3 and consists 
of 12 modules. Significant lessons were learned in this 
ambitious project. High hydrostatic pressures caused 
concern, as did high overpotential induced by the 
reactor configuration. Algal biomass also development 
on the cathode (35). University of Connecticut along 
with Fuss & Neil and Hydroqual Inc. 
(http://www.engr.uconn.edu/collaborationcommercializ
ation.php) are conducting scale-up development of 
graphite granular MFCs and the first pilot MEC is also 
reported by Pennsylvania State University at the Napa 
Wine Co, Oakville,  CA, USA (35). A small number 




5. DEVELOPMENTS IN TUBULAR SYSTEMS 
A tubular arrangement of MFC/BES has several 
advantages of many other proposed embodiments of 
BES processes. Chief amongst these are: 
i) A mechanism for increasing volume while 
simultaneously maintaining critical relative spatial 
distribution of electrodes and other system components. 
The cross-sectional geometry remains unaltered while 
the major axial dimension is extended. There is a 
crucial requirement that the depletion of substrate and 
the accumulation of liquid phase products in e.g. the 
anode chamber, should not deleteriously affect the 
performance of downstream electrogenesis in an 
essentially axial flow continuous process. 
ii) The manufacturability of the system is enhances by 
the prismatic geometries employed, in that there is a 
reasonable prospect of deploying a continuous 
manufacturing process such as extrusion, pultrusion, 
lamination etc, which would facilitate a considerable 
CAPEX reduction with mass production. The OPEX 
might similarly be expected to be lower than plate-type 
systems, but this would depend greatly on durability 
and detailed design. 
 
A step-wise development of a tubular BES concept has 
been pursued by the authors. A low cost Perspex™ and 
poly propylene tubular containment and cathode 
support system has been developed (36) in order to 
prove the concept. Batch operation allowed a membrane 
electrode assembly (MEA) system performance to be 
considered in relation to power generation and chemical 
oxygen demand (COD) removal. This work established 
that the membrane/separator selection presents scope 
for improvement and the cathodic oxygen reduction 
reaction was limiting and could also be improved. The 
maximum power generated was using a cation exchange 
membrane (CEM) with a conductive hydrogel, was 6.1 
W m- 3 (reactor - 200 cm3) (37). It was demonstrated 
that high coulombic efficiencies ~70% were achievable 
with this tubular design. The design of a deployable 
system is in progress, but is not presented here. 
Continuous operation was achieved in a modular 
arrangement which employed replicated tubes of similar 
capacities and employing relatively low cost carbon veil 
anode electrodes (38). The applicability of the tubular 
MFC design has been assessed by twice doubling its 
scale to 1 l (Fig. 2), while maintaining consistent 
modules. Power recovery and COD removal efficiency 
were shown to depend on organic loading rate. The 
power outputs from modules were considered under 
different electrical connectivity. 
 
Fig. 2 Twice doubled reactor volume, which achieved 
virtually proportional increase in power output provided 
organic loading was adequate. 
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Above saturation, the cumulative power production 
lengthwise along the reactor modules, increased to 2.6 
mW at higher organic loading rates (OLR) tested (0.8 
and 0.38 g/l/d). Power recovery and organic removal 
could, it was seen, be maximized by extending the 
number of modules (increased length) in the tubular 
reactors, which could simultaneously control effluent 
quality and power, so facilitating scale-up. 
Methylene blue was immobilized on the anode 
electrode to facilitate electron transfer, and was tested in 
a similar MFC configuration (39). The maximum power 
and current densities of 8.7Wm-3 and 6.6 mA were 
observed in comparison with 4.5Wm-3 and 4.7 mA for 
untreated carbon cloth of the same dimensions. The aim 
of this work was to increase hydrogen production from 
a tubular microbial electrolysis cell. The effect of 
cathode chamber pH on hydrogen production was also 
investigated, with the highest hydrogen production rate 
was obtained at 850 mV, (300C, pH5) amounting to 200 
cm3 stp.lanode-1.d-1 (coulombic efficiency 60% , H2 yield 
1.1 mol/mol acetate converted and a COD reduction of 
30.5%) (40). At pH7 or above, an increase in methane 
production was observed. At pH 5 and with a salt 
content of 26g l-1, hydrogenotrophic methanogenisis 
was completely inhibited as shown by Wang (41). 
 
Successful scaled-up of BES in temperate climates is 
challenging in terms of energetic (heating) costs and 
hence carbon footprint. However, low temperature 
acclimation strategies have been applied to tubular 
MFC reactors, resulting in MFC biofilms able to 
operate optimally over a realistic temperature range 
(42). The effect on the biofilm of such operation was 
investigated over 1 year and it was observed that 35oC 
batch operation actually led to a 50% reduction in 
energy compared to 20oC; this was attributed to the 
build-up of non-electrogenic biomass at 35oC (43). 
 
Selective membranes can exhibit large internal 
resistance , but other materials such as cellulose, nylon 
and polycarbon filters have been used, as have fabrics 
e,g, (GoreTex®, Canvas) and j-Cloth® or glass wool.  
Apart from the serial connection or DC:DC conversion, 
external capacitors are able to increase potential in 
MFC systems. An increased voltage to 2.5 V using 
external capacitors was demonstrated by (44). Similarly 
Dewan et al (45) increased the maximum power by 
111% by harvesting power intermittently and Liang et 
al (46) increased the average current by 22-32% by 
capacitive charge/discharge; compared to the 
intermittent charging. Our own work considered open to 
closed circuit (1000 ohm) applied to a tubular MFC 
with carbon veil and stainless steel mesh anode.  
Fig. 3 shows the voltage and current development after 
differing open circuit times (1min to 120min), 
indicating that the voltage, hence power, increase with 
increasing open circuit time. This has the potential to 
increase the power harvested from BES.  
 
 
Fig. 3 Voltage and current development (1000 ohm 
load) after different open circuit times. 
The limitations of the anode were considered even 
though cathode performance was likely to be limiting. 
To minimise concentration overpotentials, an increase 
in mass transfer and turnover is necessary. Helical 
anode designs (Fig. 4) (47), were considered. These 
induces shear in the fluid flow along the helical path, 
increasing the mixing. Pillars flow path walls inducing 




Fig. 4 Fluid dynamic model of the effect of flow rate, 





Fig. 4 shows that increasing flow rate from 0.1ml/min 
(1.67×10-9 m/s) to 7.5ml/min (1.25×10-7 m/s) increased 
the localised eddies as well as fluid particle velocity 
suggesting that turnover would have increased and/or 
diffusion layer may have decreased. These effects were 
seen experimentally, when increased power was seen 




BES can find utility in waste treatment, ion separation 
processes, electricity and energy gas and biomaterials 
production. BES is a promising field of research and 
development which must combine functions such as 
waste treatment and energy or product production in 
order to present a cost effective and deployable 
industrial process. Scale-up studies aim to minimise 
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SCALE 1 : 1
DETAIL  B (UNDERCUT)
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1. DEBURR ALL SHARP EDGES.
2. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
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P8.0013 x  x 3 LONGITUDINALLY ALIGNED ROWS
45.0°
ANODE CHAMBER MEC








1. DEBURR ALL SHARP EDGES.
2. MATERIAL TO BE PERSPEX.
3. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
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P8.0013 x  x 3 LONGITUDINALLY ALIGNED ROWS








1. DEBURR ALL SHARP EDGES.
2. MATERIAL TO BE POLYPROPYLENE TUBE.
3. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
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1. DEBURR ALL SHARP EDGES.
2. MATERIAL TO BE PERSPEX.
3. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
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1. DEBURR ALL SHARP EDGES.
2. MATERIAL TO BE PERSPEX.
3. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
SECTION A-A
SCALE 1 : 1
A
A
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1. DEBURR ALL SHARP EDGES.
2. MATERIAL TO BE PERSPEX.
3. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
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P8.008 x  EQUISPACED ON 160mm p.c.d.
10.00
P16.00 ON 55mm p.c.d.
P14.00 ON 55mm p.c.d.P12.00 ON 55mm p.c.d.
P12.00 ON 40mm p.c.d.









1. DEBURR ALL SHARP EDGES.
2. MATERIAL TO BE PERSPEX.
3. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
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1. DEBURR ALL SHARP EDGES.
2. lINEAR TOLERANCE TO BE ±0.4mm AND 
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
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P6.0012 x  EQUISPACED ON 300mm p.c.d.




















1. DEBURR ALL SHARP EDGES.
2. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
DETAIL  B (GROOVE)
SCALE 1 : 1
B
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1. DEBURR ALL SHARP EDGES.
2. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
18.50
PRODUCED BY AN AUTODESK EDUCATIONAL PRODUCT














































































































1. DEBURR ALL SHARP EDGES.
2. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
DETAIL  A (UNDERCUT)
SCALE 2 : 1
A
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M12x1.75 ON 20mm p.c.d.
M12x1.75 ON 20mm p.c.d.












1. DEBURR ALL SHARP EDGES.
2. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
DETAIL  A (UNDERCUT)
SCALE 2 : 1
A
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SERC, UNIVERSITY OF GLAMORGAN
MFC MODULE
NOTES:
1. ASSEMBLE THE PARTS AS SHOWN.
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1.00 x 45° BOTH EDGES
P6.0012 x  EQUISPACED ON 300mm p.c.d.
M14x26 x  RADIALLY ALIGNED PAIRS
EQUISPACED ON 220mm AND 170mm p.c.d.
M14x22 x  EQUISPACED ON 25mm p.c.d.
RADIALLY ALIGNED WITH M16
M5x0.8 ON 90mm p.c.d.
M20x2.5 ON 90mm p.c.d.
M12x1.75 ON 200mm p.c.d.









1. DEBURR ALL SHARP EDGES.
2. LINEAR TOLERANCE TO BE ±0.4mm AND
ANGULAR TOLERANCE TO BE ±0.5° UNLESS OTHERWISE SPECIFIED.
